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MEDOTOPES 


Medotopes by Squibb- 
Radioactive Pharmaceuticals for diagnosis and therapy 


IODOTOPE DIAGNOSTIC 
Thyroid gland uptake, 

eo) ae) ound-iodine (PBI 

stt s, and thyroid scanning 


ALBUMOTOPE 

Blood and plasma volumes; 
circulation times, cardiac 
output 


CHROMITOPE SODIUM 
Tagging red blood cells 
for volume, survival, 
gastrointestinal bleeding 


OLEOTOPE 

Fatty acid absorption studies 
TRIOLEOTOPE 

Fat absorption and 
pancreatic function 

studies 


RADIO-CHOLOGRAFIN 
Liver function, blood 
circulation studies. 
ROBENGATOPE 

Liver function. 


HIPPUTOPE 
Kidney function, 
circulation time 


Squibb Quality 


—the Priceless Ingredient 


Medotopes cover an extensive range of 
diagnostic and therapeutic procedures, 
each reflecting the latest developments in 
radioactive medicine. All Medotopes con- 
vey, as well, the utmost in safety and con- 
venience, All feature unique packaging 
safeguards: exclusive lead shield en- 
closures for easy opening —no direct 
contact is required; bottle caps unscrew 
automatically; shipping cartons have 
“pull-tab” openers; vials and bottles are 
carefully encased and then doubly pro- 
tected by transparent, shatterproof plastic 
coatings. Each preparation is custom- 
handled. Delivery is custom-routed by 
Squibb Traffic Service. Access to three 
major airports expedites this service. 

Diagnostic Medotopes, in addition to 
those illustrated, are: Chromitope Chlor- 
ide ¢ Ferrutope * Phosphotope * Rubra- 
tope 58 and 60 * Cobatope 58 and 60 
Tritiotope * Therapeutic Medotopes are: 


Aureotope * Chromphosphotope ¢ Iodo- 
tope ¢ Iriditope * Phosphotope. 


For full information, communicate with 
E. R. Squibb & Sons, Professional Service 
Department, 745 Fifth Avenue, New York 
22, New York. 


Medotopes 


“‘acpumotore®, ‘aurcorors:®, “cHococrarin’ ®, “‘curomitore’®, 
‘curompxospHotore’®, ‘cosatore sa ano 60’®, ‘rerrutore’®, 
“HIPPUTOPE’,* voorore’®, ‘inioitore®, ‘meoorores’®, ‘oreotore: ®, 
‘puospnotore’®, ‘rosencatore’®, ‘rusratore’®, ‘rritiotore:®, 


AND ‘trioceorope’ ® ARE SQUIBB TRADEMARKS. 





STEROIDS: FAR FROM ROUTINE THERAPY IN 
RHEUMATOID ARTHRITIS. “...it would now appear 
that the steroids should be employed infrequently in 
rheumatoid arthritis, and, when used, long-continued 
therapy should be avoided and the dosage reduced to 


the lowest possible level.” [New and Nonofficial Drugs 1961, 
Philadelphia, J. B. Lippincott Co., 1961, p. 598.] 


PLAQUENIL: EFFECTIVE LONG-TERM THERAPY 
THAT SPARES STEROIDS. Many physicians are now 
evaluating Plaquenil, the non-steroid antirheumatic 

of choice. Quite simply, Plaquenil pro- 


mr heumatoid arthritis vides conservative, safer, long-range 


management of rheumatoid 


IS THIS THE ER A arthritis. While the steroids 
often result in dramatic short- 

term improvement, Plaquenil affords 

(Qf STEROID a more practical, lasting solution to 
the long-term problems of this long- 

term disease, and makes it possible 

DISENCH ANT- to utilize steroids sparingly. 
- O This is how: Full steroid dosage 


may be necessary only during the “latent” period 
MENT ? of Plaquenil’s cumulative action. Since two to 
. , four weeks may elapse before Plaquenil-treated pa- 
tients experience subjective improvement, and six to 
twelve weeks before objective benefits are noted, it is 
advisable to maintain adequate steroid dosage when 
indicated—but only when indicated—during this time. 
Thereafter, as Plaquenil exerts greater therapeutic ef- 
fects, steroid dosage may be reduced gradually. Sali- 
cylates too may be withdrawn as the need for adjunc- 
tive analgesia is diminished. 0 The rheumatoid 
arthritic patient is then continued on Plaquenil; gener- 
ally, no additional medication is required. Once im- 
provement has been achieved, it can usually be 
maintained, since Plaquenil is the best tolerated of 
the 4-aminoquinoline compounds used in rheuma- 
toid arthritis. 





MAJOR IMPROVEMENT IN 60 TO 83 PER CENT 
OF PATIENTS. Clinical experience has shown that 
after six to twelve months of continuous administra- 
tion, Plaquenil causes major improvement in 60 to 83 
per cent of patients: subsidence of the active inflam- 
matory process, diminution of joint effusion, slow fall 
in sedimentation rate, gradual rise in hemoglobin, 
relief of pain and tenderness, increased mobility, im- 
provement in muscle strength, increase in finger dex- 
terity, improvement in flexion deformities, diminution 
or disappearance of swellings and rheumatic nodules. 
There is a low incidence of major relapse following 
attainment of maximum improvement. 0 Plaquenil 
sulfate, 200 mg. tablets. Initial dose: 2 or 3 tablets 
daily. Maintenance dose: | or 2 tablets daily. Write for 
booklet containing complete clinical experience, side 
effects, precautions, etc. 0 When the patient also re- 
quires analgesia, Plaquenil with aspirin is available as 
Planolar (Plaquenil 60 mg. with aspirin 300 mg.). 


SUMMARY OF PLAQUENIL ADVANTAGES: 
PLAQUENIL ... is not a steroid Spgs 
“Stfords benefits 

... Spares s 

... is generally weil tolerated 
PLAQUENIL... 


therapy 


fr ‘works in conjunction with both 
steroids and aspirin 


PLAQUENIL ... produces major 
in 60 to 83 
.. results in a low incidence of 
major relapse 


SULFATE 
NON-STEROID ANTIRHEUMATIC FOR SAFE, LONG-TERM THERAPY 


. 
LABORATORIES 
New York 18, N. Y. 


Plaquenil (brand of hydroxychloroquine), trademark reg. U. S. Pat. Off. Planolar, trademark. 








CAPABLE 
HANDS 


for your Research Analyses 


BIO-SCIENCE LABORATORIES OFFERS 
SUPPLEMENTAL LABORATORY SERVICE 


Determinations and Assays in... 
Biochemistry, Endocrinology, Toxicology, 
Microbiology-immunology, Enzymology, 
Radio-isotope Procedures 


Bio-Science Laboratories offers an unusual service to 
researchers in the bio-medical field . . . a full range 
of laboratory tests in biochemistry, endocrinology, 
microbiology-immunology, toxicology, enzymology, 
radio-isotope procedures. You who are working under 
research grants will find our service of especial bene- 
fit: it allows you to concentrate your own efforts on 
the essential aspects of the research, knowing that 
the recurring lab tests are taken care of by a fully 
equipped, well staffed, professional laboratory with 
long experience in the field. 


BIO-SCIENCE 
LABORATORIES 


“The Unusual Laboratory... 
for Unusual Tests”’ 











you 


358 WITH 
VISUAL 
_MONITORING 


CAN VIRTUALLY 


“DESIGN YOUR OWN" 


DIRECT WRITING SYSTEM 


For the unique advantages of permanent, 
immediately visible inkless recordings in true 
rectangular coordinates—in applications 
ranging from cardiac catheterization and phar- 
macological studies to student physiology 
laboratory work — the wide variety of combi- 
nations and choices offered by Sanborn direct 
writers provides an almost ‘custom designed”’ 
system for your particular needs. 


The proven reliability and simplicity of tube 
circuits, in 1- to 8-channel systems with a wide 
choice of interchangeable plug-in preampli- 
fiers, horizontal chart plane and system fre- 
quency response to 100 eps, are offered by the 
widely-used “‘150”’ Series. For extended fre- 
quency response, greater compactness and other 
advantages of solid state circuitry in applica- 
tions up to 4 channels, the new “964” system 
(4 channels) and the new 296T (2 channels) 
combine the most modern electronic design 


COMBINATION 
SYSTEM 


features with simple, economical cabinet pack- 
aging. When the greatest possible versatility in 
5 to 8 channels are required, ‘‘350”’ Series sys- 
tems provide the maximum performance and 
flexibility of all Sanborn direct writers. Flush 
front recorder has vertical chart plane, and a 
wide choice of interchangeable preamplifiers. 
For portability in 1- and 2-channel systems, 
Models 299, 301, 320, 321 and 322 are com- 
pact, modern, lightweight units designed to 
handle a wide variety of applications. 


For complete information on these systems, 
call your nearest Sanborn Branch Office or 
Service Agency, or write Manager, Research 
Instrument Sales, Medical Division. 


macicat wi vision 


SANBORN? COMPANY 
175 Wyman St., Waitham 54, Massachusetts 
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NUCLEAR INSTRUMENTS 


This Gamma Spectrometer Ends “Dark Current” Defect; Provides 
Direct Peak Comparison and Better Resolution from 1 kev to 6 mev. 


The NMC Model GSS-1 gamma spectrom- 
eter combines in one chassis a regulated 
high voltage supply as a part of the count- 
ing ratemeter autoscan system... all-tran- 
sistorized probe amplifier and spectrometer 
circuits . . . and either solid or well-type 
crystals. It’s the only system that eliminates 
the ‘‘dark current” defect, analyzes emitters 
from 1 kev to around 6 mev, and permits 
direct peak comparison of emitters using 

Model GSS-1—$4,180* semi-automatic peak integration. Graph 
paper supplied is calibrated in mev. 


Actual Spectrograms Made with a GSS-1 
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Actual spectrogram of Cobalt-60 made with a Radium, after four runs over 20 hour period 
GSS-1 gamma spectrometer system. Window without instrument adjustment. Range 30,000 
No. 3. Time constant: 2 sec. C/M. Time constant: 3 sec. 


Detect and Measure a, § and Y Four Ways with This 3-Unit 
All-Purpose Laboratory—1...or1+2...or1+3...0r 1+2+3 


1 PROPORTIONAL COUNTING SYSTEM 
PC-3A—$1395.00* 


The only instrument that counts every alpha and beta 
emitted in a 2 pi angle from prepared samples. Pre- 
cisely separates absolute amounts of alpha and beta 
from any dry sample. Ideal for C-14, Ca-45, P-32 and 
H-3. Due to high yield, counting time may be reduced 
80% to 95%. High voltage and scaling systems operate 
with US-1 and WSC-1 shown below. 


2 UNIVERSAL SHIELD j . 3 WELL-TYPE COUNTER 
US-1A—$395.00* : WSC-1—$995.00* 

Detects gamma and beta-gamma 8, Background less than 140 cpm. 
activity in prepared flat samples. ‘<> Detects low-level gamma activity 
Also accepts gamma scintillation a in test tube and flat type samples. 
detector, mylar window GM flow 4 sd All-transistorized amplifier. Works 
detector, and strip chromatograph with any scaler. Operates with the 
scanner. Operates with PC-3A. \ auf PC-3A. 


*ALL PRICES FOB, INDIANAPOLIS 
For Full Details, Write, Wire...or Phone Collect—LIiberty 6-2415 


Nuclear Measurements Corp. NMC 
5967 East 25th Street - Indianapolis 18, Indiana 


International Office: 13 E. 40th Street, New York 16, N.Y. ee 








AABABAABAARS?” 


clinical experience continues to indicate 
value of the CYTOTOXIC AGENT... 


CY TOXAN 


Cyc lophosphamide, Mead Jolinson 


for palliative chemotherapy of 


certain types of malignant neoplasms 


“Cyclophosphamide [Cytoxan] has proved a valuable addition to 
chemotherapeutic drugs available for the treatment of malignant 
diseases of the haemopoietic and reticuloendothelial systems.... 
Particularly effective in Hodgkin's disease, lymphosarcoma, chronic 
lymphocytic leukaemia, and myelomatosis....’"! 

“Objective data suggest that this agent [Cytoxan] has advantages not 


> 


possessed by standard alkylating agents now in clinical use.’ 


“With the use of cyclophosphamide [Cytoxan] there is a relative lack 
of thrombocytopenia and a diminution in gastrointestinal side- 
effects, so that it may offer therapeutic advantages over other alkyl- 


ating agents.’’3 


Other Advantages in Clinical Practice: Broad-spectrum applic ation. 
High therapeutic index. No vesicant activity—may be given orally 
or parenterally. 

(1) Matthias, J. Q.; Misiewicz, J. J., and Scott, R. B.: Brit. M. J. 2:1837-1840 (Dec. 24) 1960. 
(2) Coggins, P. R.; Ravdin, R.G., and Eisman, S$. H.: Cancer 13:1254-1260 (Nov.-Dec.) 1960. 


(3) Papac, R.; Petrakis, N. L.; Amini, F., and Wood, D. A.: J.A.M.A. 172:1387-1391 
(March 26) 1960. 





DOSAGE: For neoplasms relatively susceptible to Cytoxan 
— Patients with lymphomas and other neoplasms believed 
to be relatively susceptible to Cytoxan therapy are given 
an initial dose of 2-3 mg./Kg./day intravenously. White 
blood counts and platelet determinations should be made 
daily or twice weekly and the dosage adjusted accord- 
ingly. Intravenous infusions should be continued for at 
least 6 days unless otherwise indicated. A leukopenia of 
between 1500 and 5000 cells per cu. mm. (or lower) may 
be expected between the tenth and fourteenth day. In 
the presence of a leukopenia of less than 2000/cu. mm. 
Cytoxan should be discontinued until the white cell count 
returns to 2000 to 5000 (usually within a week). Dosage is 
subsequently adjusted as indicated by the patient's objec- 
tive response and the leukocyte count. If the patient is 
subjectively improved, if the size of the tumor has de- 
creased, or if the white cells are satisfactorily maintained 
between 2000 and 5000/cu. mm, oral dosage may be insti- 
tuted equivalent to intravenous dosage. 

Thrombocytopenia is rarely observed on this regimen. 
If platelet counts of less than 100,000/cu. mm. are ob- 
served, the patient should be watched carefully. If plate- 
lets continue to decrease, Cytoxan should be discontinued. 

The patient who has had previous treatment with al- 
kylating agents, or x-ray, or is debilitated may be more 
susceptible to bone marrow depression, and initial Cytoxan 
doses should be more conservative than the above. Such 
patients should have more frequent hematologic evalua- 
tion. Good medical practice demands access to a reliable 
hematologic laboratory when using Cytoxan. 
For neoplasms relatively resistant to Cytoxan— Patients 
with carcinomas and other malignant neoplasms believed 
to be less susceptible to Cytoxan therapy are given a 
dose of 4 to 8 mg./Kg./day intravenously. Unless there 
are indications to the contrary, this dose is continued for 
6 days, then stopped. Leukopenia usually ensues on the 
tenth to fourteenth day after the first dose of Cytoxan. 
Thrombocyte reduction is not common, and platelets may 
actually increase. The leukocyte count promptly returns 
toward normal levels in most cases, and as it begins to 
increase, sufficient Cytoxan is administered to maintain 
it near 2000 to 5000/cu. mm. This may be accomplished 
by two intravenous injections weekly, or by oral admin- 
istration, or by a combination of both routes. An oral 
dosage of 50 to 200 mg. daily or an intravenous injection 
of 5 mg./Kg. twice weekly will usually suffice. 

The platelet and leukocyte counts should be followed 
carefully, and the prior treatment history of patients 
carefully evaluated as delineated above. 


Leukopenia as a guide to adequacy of dosage —The best 
objective measure for dosage seems to be the number of 
circulating white blood cells. This is used as an index of 
the activity of the hematopoietic system, especially the 
bone marrow. The mechanism by which Cytoxan causes 
a reduction in the level of white blood cells is not known, 
but cessation of dosage results in an increase in the level, 
indicating that the hematopoietic system had not been 
permanently affected. When large doses (8 mg./Kg./day 
for 6 days) are given initially, the white cell count falls 
rapidly. Following the cessation of the 6-day course, the 
white cells may continue to decline for as long as 8 days 
and then increase. The reduction of the white cell count 
during Cytoxan therapy and its subsequent increase when 
therapy is discontinued can be repeated in the same pa- 
tient. Maximal reduction in leukocyte count indicates the 
maximal permissible Cytoxan level for therapeutic effect. 
Leukopenic patients must be watched carefully for evi- 
dence of infection. 

Potal white blood cell and thrombocyte counts should 
be obtained 2 or more times weekly in order to evaluate 
therapy and to adjust dosage. 

SIDE EFFECTS: Although Cytoxan is related to nitrogen 
mustard, it has no vesicant effect on tissue. It does not 
traumatize the vein when injected intravenously, nor does 
it cause any localized tissue reaction following extravasa- 
tion. It may be administered intravenously, intramuscu- 
larly, intraperitoneally, intrapleurally or directly into the 


tumor, when indicated. It is apparently active by each of 
these routes. 

Nausea and vomiting are common and depend on dose 
and on individual susceptibility. However, many investi- 
gators accept the nausea and vomiting in favor of main- 
taining maximal therapy. The vomiting can be controlled 
with antiemetic agents. 

Alopecia is a frequent side reaction to Cytoxan therapy. 
It has been observed in 28% of the patients studied in 
this country. The incidence is greater with larger doses. 
The loss of hair may first be noted about the 21st day of 
therapy and may proceed to alopecia totalis. This effect 
is reversed following discontinuance of Cytoxan; during 
reduced maintenance therapy, hair may reappear. It is 
essential to advise the patient in advance concerning this 
effect of the drug. 

Dizziness of short duration and of minor degree has 
occasionally been reported. 

Leukopenia is an expected effect and can be used as a 
guide to therapy. Thrombocytopenia may occur, especi- 
ally after large doses. The leukocyte or platelet counts of 
an occasional patient may fall precipitously after even 
small doses of Cytoxan, as with all alkylating agents. The 
drug should be discontinued in such patients and reinsti- 
tuted later at lower dosage after satisfactory hematologic 
recovery has occurred. Prior treatment with x-ray or with 
other chemotherapeutic agents frequently causes an 
earlier or exaggerated leukopenia or thrombocytopenia 
after Cytoxan medication. Only rarely has there been a 
report of erythrocyte or hemoglobin reduction. 


ADMINISTRATION: Add 5 cc. sterile water (Water for 
Injection, U.S.P.) to 100 mg. of Cytoxan in the sterile vial 
(add 10 cc. to 200 mg. vial). Shake, allow to stand until 
clear, remove with sterile syringe and needle and inject. 

The freshly prepared solution of Cytoxan may be ad- 
ministered intravenously, intramuscularly, intraperitone- 
ally, intrapleurally, or directly into the tumor. The 
solution should be administered promptly after being 
made but is satisfactory for use for three hours after 
preparation. 

If the patient is receiving a parenteral infusion, the 
Cytoxan solution may be injected into the rubber tubing 
if the solution is glucose or saline. 

No thrombosis or thrombophlebitis has been reported 
from injections of Cytoxan. Extravasation of the drug 
into the subcutaneous tissues does not result in local 
reactions, 

PRECAUTIONS: Cytoxan should not be given to any 
person with a severe leukopenia, thrombocytopenia, or 
bone marrow infiltrated with malignant cells. It may be 
given with suitable precautions to patients who have had 
recent X-ray treatment, recent treatment with a cytotoxic 
agent, a surgical procedure within 2-3 weeks, or debili- 
tated patients. 

AVAILABILITY: Cytoxan is available as follows: 

Cytoxan for Injection, 100 mg., a sterile dry-filled vial 
containing 100 mg. cyclophosphamide and 45 mg. sodium 
chloride. Packaged, 12 vials per carton. 

Cytoxan for Injection, 200 mg., a sterile dry-filled vial 
containing 200 mg. cyclophosphamide and 90 mg. sodium 
chloride. Packaged, 12 vials per carton. 

Cytoxan Tablets for oral administration, 50 mg., white, 

round tablets, flecked with blue for easy identification, 
Packaged, 100 tablets per bottle. 
For a copy of the Cytoxan brochure, or other additional 
information on Cytoxan, communicate directly with the 
Medical Department, Mead Johnson Laboratories, Evans- 
ville 21, Indiana. 
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after eleven million treatment courses... 
consistently broad antibacterial action 
brand of nitrofurantoin BY 
® through the years...consistently broad 
Fy ra qd a n fi n antibacterial action against urinary 
tract pathogens —“It was interesting 
to observe that nitrofurantoin [FURADANTIN] showed a consistent in vitro effectiveness 


against the bacteria tested throughout the four year period, thus revealing negligible develop- 
ment of bacterial resistance, if any, through the years.” soni, c.R.,etal.: Antibiot. Chemother. (Wash. ) 10:694, 1960. 


*Conservative estimate based on the clinical use of FURADANTIN tablets and Oral Suspension since 1953. 


. s . ° ® 
rapid, safe control of infection throughout the urinary system 
EATON LABORATORIES, Division of The Norwich Pharmacal Company, NORWICH, N.Y. 
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Nuclear-Chicago’s new family of liquid scintillation counters — 


Just months old and already meeting 


the critical demands of exacting research 


Although introduced and well received just 
last April, Nuclear-Chicago’s new family of 
liquid scintillation counters is already hard 
at work. At varying levels of work load and 
within widely differing budgets, these three 
systems are setting new standards of pre- 
cision, sensitivity and convenience for de- 
manding scientists. 


Research programs expand and equip- 
ment needs are upgraded. These new 
systems—compatible with your present, 
standard scaling instruments—easily ac- 
commodate to such growth. 


Model 701 is a modestly priced, basic sys- 
tem for manual, room-temperature count- 
ing of limited numbers of samples. Unique- 
ly sensitive detectorassembly andadvanced, 
transistorized circuitry provide high count- 
ing efficiency for carbon-14, tritium, and 
other soft-beta emitting isotopes. Model 702 


Model 701 
manual operation, 
shown with 

8250 scaler 


Model 702 

manual, temperature-controlled operation, automatic, temperature-controlled operation, 
shown with 8250 scaler 

and 8600 timer 


adds a precision-controlled low-tempera- 
ture chamber for increased tritium-count- 
ing efficiency. The third member of the 
family, Model 703, provides fully automatic 
sample handling together with varied op- 
tions of data presentation. 


Field conversion to upgrade Models 701 
and 702 as work load and budget permit 
requires only the addition, first, of the 
custom-built, compact cooling chamber, 
and then, of the automatic sample changer 
mechanism and controls. 


Please request literature detailing these 
compact, integrated systems. 





nuclear-chicago 


CORPORATION 








329 EAST HOWARD AVENUE. DES PLAINES, ILLINOIS 





Model 703 


shown with two 8250 scalers, 
8600 timer:‘and 8401 digital recorder 





helps detect 
the pregnant 
“pre-dabetic” 


TES-TAPE 





Kitty 


QuALITY / RESEARER /mmTEGRITY 














Wi ‘7 think that the urine of pregnant mothers 
should be tested for sugar, but done with 
the oxidase method, not with other 
methods, since most of them give you 
total reducing substances.” 


“. . . fetal mortality in the unrecognized 


diabetic may be as great as, if not greater 
than, in the known diabetic.’’! Therefore, it 
is vital to detect abnormal glycosuria dur- 
ing pregnancy. 

Because of its greater sensitivity to glucose, 
Tes-Tape will reveal instances of abnormal 
glycosuria previously undetected by copper- 
reduction methods. Also, since Tes-Tape is 
specific for glucose, it will not give false posi- 
tive reactions with lactose, galactose, fruc- 
tose, or other copper-reducing sugars. 
Tes-Tape is supplied in handy pocket-size 
dispensers of approximately 100 tests. 


1. Shlevin, E. L.: Pregnancy and Diabetes, Diabetes, 6:523, 1957. 





THE STRUCTURAL AND FUNCTIONAL ASPECTS OF THE HANDLING OF 
GLUCOSE BY THE NEPHRONS AND THE KIDNEY AND THEIR 
CORRELATION BY MEANS OF STRUCTURAL-FUNCTIONAL 
EQUIVALENTS * 


3y JEAN OLIVER ano MURIEL MacDOWELL 


(From the Renal Research Unit, the Research Department, CIBA Pharmaceutical Products 
Inc., Summit, N. J.) 


(Submitted for publication November 18, 1960; accepted March 2, 1961) 


I, INTRODUCTION 


Since the value of any correlative procedure ob- 
viously depends upon the quantitative and statisti- 
cal validity of each of its individual correlates, er- 
ror in one term invalidating the whole, it is un- 
derstandable that attempts to relate structural 
with functional data in the area of renal activity 
remain in great part unconvincing. The struc- 
tural data that have been used in such correlations 
are in most instances purely descriptive and quali- 
tative in nature, often at best an opinion of the 
observer, while the functional terms of the corre- 
lation, though valid in their quantitative expres- 
sion, are, from the indirection of their approach 
to the localization of renal activity, open to a con- 
siderable variance in interpretation." 

In one restricted field of mammalian 
physiology, these criticisms have been answered 
by the use of the direct methods of observation af- 
forded by microdissection and micropuncture (1). 
By the former, the nephrons have been isolated 
in their natural continuity, puncture points identi- 
fied and measurements made of their various di- 
mensions; by the latter it has been observed that 
glucose passes through the glomerular filter in the 
same concentration that obtains in the blood and 


renal 


that it disappears from the fluid in the lumen of 
the proximal convolution in an evenly falling 
gradient ; reabsorption is largely completed at the 
midpoint of this segment (2) so that no other 
portions of the nephron are concerned in the proc- 
ess, 


* This work was supported by Grant H-3765-Cl from 
the National Heart Institute, Bethesda, Md. 

1A more general consideration of the problems of 
structural-functional correlations and a suggested reso- 
lution of the antithesis, Structure-Function, based on the 
present work, will be found in the Middleton Goldsmith 
Lecture, Bull. N. Y. Acad. Med. 1961, 2nd ser., 37, 81. 


On the basis of this definitive knowledge of 
how glucose is handled by the mammalian neph- 
ron, and the observations of Shannon and Fisher 
(3) on what occurs in the kidney of the dog dur- 
ing the saturation of the reabsorptive capacity of 
its tubules, Smith, Goldring, Chasis, Ranges and 
Bradley (4) have examined by means of urine/ 
plasma ratios the same problem as it is observed 
in the kidney of man and, from a theoretical analy- 
sis of the situation, have arrived at a functional 
“titration” in which the distribution of activity 


among the constituent nephrons is described. 
Not only is a quantitative expression of the 
dispersion of functional activity among the neph- 


rons in the normal human kidney thus obtained, 
but certain details of the process of tubular satura- 
tion become apparent which are of importance in 
the interpretation of its mechanism; in particular, 
the rising line of the curve that represents this tu- 
bular activity in the kidney does not break abruptly 
at a point of complete tubular saturation but 
shows a gradual inflexion to the horizontal level 
of maximal reabsorption. 

The occurrence of this splay in the curve has 
raised a fundamental question regarding its cause. 
According to the interpretation of Smith and 
co-workers (4), the splay is due to variation in 
the activity of the individual glomeruli and tu- 
bules concerned in the over-all process. Opposed 
to this view is the belief, held in a recent review to 
be “overwhelmingly” more probable by Mudge 
(5), that the splay results from kinetic factors 
that can be described by the Menten-Michaelis 
formulation of the enzyme reaction rates which 
are responsible for the transport of glucose across 
the tubule wall (6). 

The second of these hypotheses has been exam- 
ined by Burgen (7) who, assuming equality of 
activity in all nephrons of the kidney and sub- 
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TABLE I 
Description of dissected kidneys 


Left kidney 
Age weight 


g 
34 167.5 
32 157. 
40 134.0 


stituting varying affinity constants in the Menten- 
Michaelis formula for the transport of glucose, 
finds that the resulting theoretical curves do not 
correspond with similar representations derived 
from the observed data of Smith and colleagues 
(4). 


behavior of the curve of glucose saturation in man 


He concludes that the departure from ideal 


cannot therefore be attributed to a kinetic varia- 
tion in saturation of a transport system and that 
the source of the observed splay must be due to a 
Statistical dispersion of some other “undetermined 
tubule characteristics” in the kidney. 

The failure of the kinetic formula to describe 
the course of tubular saturation directs attention 
back to the first and simpler hypothesis, as ex- 
pressed by Govaerts (8), that variations in the 
physical “size, shape and relations” of the func- 
tioning components, the nephrons, may be the 
characteristics that determine the curve of func- 
tional activity observed in the kidney qua kidney ; 
the present study examines this possibility.’ 

The general aspects of this correlation of struc- 
ture and function will first be examined in the case 
of the normal human kidney by comparing cur- 
rently available functional measurements (4, 9) 
with new structural data obtained by microdis- 
section and measurement of the components— 
glomeruli and proximal convolutions—which mi- 
cropuncture has shown to be the only participants 
in the filtration and reabsorption of glucose. An 
analysis of these quantitative and statistically ade- 
quate structural data will then determine the selec- 
tion of appropriate correlates with the functional 
data and certain structural-functional equivalents 
will be established. With these equivalents it 
should be possible to derive the commonly used 
functional expressions, maximal tubular reabsorp- 
tion of glucose (Tm,,), glomerular filtration rate 

*A preliminary survey of this problem appeared in the 
Livre Jubilaire de Prof. Paul Govaerts, 
p. 1. 


3russels, 1955, 


Kidney size 


Table 


Cause of death 


Fall from height Il 
Barbiturate poisoning Ill 
D.O.A. “Status asthmaticus” I\ 


(GFR), and Tm./GFR, and to reconstruct the 
glucose titration curve with its typical splay from 
the data of the structural measurements. 

II. STRUCTURAL FUNCTIONAL 


PROLEGOMENA FOR 


CORRELATIONS IN THE KIDNEY 


1. Material and me:nods 


The material consisted of the left kidney from three 
young adults, two male and one female, who had died by 
accident; the tissues were preserved in 10 per cent 
formalin (Table I). 

At the autopsies no complicating lesions were found 
that could be presumed to have affected the kidneys. 
All the kidneys were normal in shape, with smooth sur- 


faces; several microscopic sections from each showed 
no scars, tubular changes or other evidence of a de- 
parture from normal relations. The calculated weight 
for two kidneys is 335, 314, and 268 g, and their mean, 
305 g, lies between the figure given by Thoma, 328 g (10) 
for individuals of this age group, and that of Roessle 
and Roulet, 287 g (11). 

The 


previously described (12). 


general procedure of microdissection has been 
Small blocks of tissue, meas- 
2.0 X 0.3 cm, 


part or all of the 


uring approximately 1.0 » which included 
all of the 


medulla, were excised from each kidney in «such manner 


cortex and the greater 
as to give a general distribution over its external surface 
Each was placed in concentrated HCI until properly ma- 
cerated, a period which varied with different specimens 
from 40 to 48 
cantation in tap 


hours. After thorough rinsing by de- 


water, the entire softened mass, sus- 


pended in a glass dish of water, was separated with 
needles under the binocular microscope until the outlines 
of the individual nephrons were revealed. From each 
preparation 6 to 8 complete proximal convolutions with 
their attached glomeruli were then isolated by random 
selection; 2 were taken from beneath the capsular surface 
of the kidney, 2 from mid-cortex and 2 from its lowermost 
The isolated nephron was then floated onto a 
Two thick streaks of 
Vaseline had been placed along the edges of the slide 


layer. 
slide with a few drops of water. 


so that when a coverglass was placed upon them it did 
not compress the unstained specimen but formed a cell 
which contained it, when the remaining free edges were 
sealed with Vaseline. 

The maceration and dissection had been so performed 
that the tightly coiled convolutions of the tubule, which, 
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as they lie in the kidney,-form a globular packet around 
their glomerulus 5-10), were 
widely opened but not completely straightened; in this 
way its course could be followed for measurement with- 
out error due to either foreshortening as the tubule bent 
sharply toward or away from the observer, or to stretch- 
ing by the tension which would have been required to 


(Reference 1, Figures 


straighten its coils completely. 

Camera lucida tracings at a magnification of 42x 
were then made of the glomerulus and its attached proxi- 
mal convolution, and the length of the tubule was measured 
by following the midline with a map- 
measure. The diameter of the convolution 
ured directly on the original specimen with a filar mi- 
Ten measurements 


course of its 
was meas- 
crometer at a magnification of 50x. 
of each convolution distributed evenly along its course 
were averaged for the final figure; the volume was then 
calculated as that of a cylinder. 
there is no patent tubule lumen in the fixed specimen of 


Inspection shows that 


TABLE II 


1095 


that the calculation may be 


taken as representing the volume of its tubular cells. 


proximal convolution so 
The greatest and least external diameters of the glo 
meruli, including their closely contiguous capsular mem- 
branes, were also measured in the original specimen 
with the micrometer, averaged, and surface and volume 
calculated as that of a sphere. Further discussion of the 
validity of these necessary simplifications in measurement 
and calculation will be considered later (p. 1101). 
Especial care was taken to avoid errors in measure- 
ment due to swelling of the macerating tissues or the 
As Sperber (13) 


swelling or shrinkage may result from variation in acidity, 


final mounted specimen. points out, 
temperature and the passage of time during the manipula- 
tions from maceration to final measurement; we would 
emphasize the importance of the last two factors. 

To control them, maceration was done in a constant 
temperature cabinet at 65° F for the constant period which 
had been found most suitable for the tissues of the par- 


Dimensions of Glomerulus and Proximal Convolution 


I 1038 ¢ Kidney Weight 355 gms. 





Prox. 
Vol. 


Prox. Prox. 


Length Dian. 


Glon. 
Dian. 


Glom. 
Surf. 





23.8 0.066 
22.5 -068 
21.8 
21.6 
21.4 
21.4 
21.2 
20.9 
20.8 
20.7 
20.7 
20.7 
20.3 
20.0 
19.6 
19.4 
19.2 
19.2 
18.9 
18.9 
18.9 
18.4 
18.1 
17.1 
16.9 
16.7 
16.7 
16.7 
16.7 
16.4 
16.0 
15.1 


0.0813 
-0816 
+0791 


0.289 
285 


1 
2 
3 
4 
5 
6 
« 
8 
9 


SRAREFERES 


BESVSBNYRRLRLBRPL 


0.2622 
+2550 
«4368 


-0121 
0271 
-OLOL 
-OL47 
+0147 
+0089 
0163 
0138 
+0191 
+0176 
+0160 
20169 
0138 
-0116 
O14 
+0130 
-0135 
+0166 
20121 
0096 
-0091 
0113 
20116 
+0104 
+0160 
+0101 
+0096 
+0055 
-0130 
0087 
+0169 


23155 
+2550 
-2188 
+2122 
+ Qbele 
+2479 
+2306 
3076 
2272 
2188 
+1519 
+2677 
+2057 
3195 





15.1-23.8 
19.2 
2.7 


+152-.436 .0055-.0271 
.269 -0133 
-0h9 .0037 
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Dimensions of Glomerulus and Proximal Convolution 





II 1041 9 Kidney Weight 157 gms 





Prox. Prox. Prox. Glon. Glom. Glon. 
Length Diam. Vol. Dian. Surf. Vol. 





25.6 0.080 0.1286 0-285 0.2550 0.0121 
25.4 -OT2 .1033 -262 2155 -0094 
25.2 -069 .09k2 2249 +1946 -0080 
24.9 -1128 332 - 3460 
24.7 -O9TT -2h1 1823 20073 
24.5 -073 1025 +251 -1978 -0082 
23.6 -066 -0806 +266 -2221 0098 
23.0 07 -0936 2261 2138 +0093 
22.3 07 2246 +1900 +0077 
21.8 -0961 -277 +2409 
20.7 +06 06% P -2788 
20.7 1884 
20.7 ° ° +2090 
20.7 1838 
20.6 ° 38 1854 
20.4 é 08 22138 
20.4 of - +1962 
20.4 5 01589 
20.2 ‘ -08 -2391 
20.2 - 06° ° -1823 


CON AW Fun e 


19.7 A 26 2188 
19.7 -06 22057 
19.7 ‘ -0736 1931 
19.4 ; 2 +2677 
19.3 ‘ -06 -1661 
19.2 l +2323 
18.6 0866 1719 
18.5 6 +229 1646 
18.3 -2090 
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ticular kidney under examination. An optimal macer- day, in an air-cunditioned laboratory at 70° F, or, if 
ation produced tubules that could be isolated with the within 24 hours, the preparation was stored in the ice- 


needle but which retained a certain degree of their origi- box overnight. 
nal elasticity. The dissection and measurement were Under these corditions, swelling or shrinkage was not 
completed promptly after maceration, usually the same a disturbing factor as was evident from the reproduci- 
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bility of the measurements of both glomeruli and tu- 
bules from the same kidney; this became apparent since 
our study extended over more than a year. A _ few 
examples were macerated, dissected and measured on 
different occasions; the consolidated results were found 


to give statistically consistent data. 


2. The dimensions of proximal convolutions and 
glomeruli 


The measurements from the three individual 


kidneys are given in Tables II-IV; since these 


measurements will be used later in correlation 
with the functional data of Smith and co-workers 
(4,9) which combine measurements made on sev- 


eral individuals, they also appear in Table V in 


TABLE IV 
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consolidated form along with certain calculated 
derivatives that the 
The four dimensions, length and volume 


will be used in correlative 
process. 
of proximal convolutions, and surface and volume 
of the glomeruli, appear in graphic form along 
with statistical data in Figures 1-4. 

Comment. The figure commonly quoted for 
the length of the human proximal convolution, 
15.0 mm, is based on Peter’s (14) measurements 
of 5 nephrons from 3 individuals of unknown age ; 
Pai (15), measuring 9 nephrons from 3 young 
men found a mean length of 20.1 mm. The glo- 
merular measurements of the two investigators 


differ even more, the diameters being, respectively, 


Dimensions of Glomerulus and Proximal Convolution 





III 1044 ¢& Kidney Weight 268 gms. 





Prox. 
Length 


Prox. 
Diam. 


Prox. 
Vol. 


Glom. 
Diam. 


Glon. 
Surf. 


Glom. 
Vol. 





1 23.8 
2 23.8 
3 22.9 
4 22.9 


0.1136 0-359 

+1195 367 

+1150 +350 

1238 319 
22.3 +1206 +300 
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21.8 20961 287 
21.4 sett 
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12 20.9 
20.7 
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+296 
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«4229 
386 


0.02h2 
-0258 
0224 
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-0166 
+0166 


0111 
-0198 
0186 





Range 15.2-23.8 
M 20.1 
SD 2.36 
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TABLE V 


Dimensions of Glomerulus and Proximal Convolution 





I 1038¢ Kidney Weight 355 gms. - 
II 1041 Kidney Weight 314 gms. 
III 1044 ¢ Kidney Weight 268 gms. 





Prox. Glom. Glom. Glom. 
Vol. Dian. Surf. Vol. 
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Fic. 1. LENGTH OF PROXIMAL CONVOLUTIONS IN MAN. 


0.155 and 0.300 mm. 


104 measurements agree closely with those of 


Our more statistically valid 


Pai in the case of proximal length and lie between 
those of the two investigators for glomerular 
diameter. 

A consideration of the histograms in Figures 
1-4 shows a striking difference between the sta- 
tistical characteristics of the length of the proxi- 
mal convolution and those of all other dimensions, 
The length is the most constant, both within and 


between individuals ; mean and range in length are 


similar in all three cases, and the dispersion of 


variation is that of a sharply peaked normal fre- 


quency distribution. All other dimensions show 


greater statistical variability. In the case of the 


1041 KW 157 gms. 
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R 04-128 
M 077 
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No. of cases 
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volume of the proximal convolution the means 
vary in magnitude in the three individuals as do 
the ranges, yet distribution in each and in the 
consolidated data still follows a normal, if flatter, 
curve. 

Glomerular dimensions show greater variabil- 
ity. In the case of both surface and volume, the 
means of the individual cases are widely sepa- 
rated and the ranges in all are extended; more- 
over, there is a definite skew in the curve of fre- 
quency distribution of glomerular volumes in the 
consolidated data. 

If, in general, structural variability is considered 
the expression of adaptation to environmental, 
i.e., functional, change, then the implication of 
these findings is that the varying activity known 
to exist in individual kidneys (4) is reflected by 
some other structural dimension than the rela- 
tively fixed length of the proximal convolution 
and that the structural correlates for functional 
variation probably lie among the three other more 


labile dimensions. 


3. The selection of structural correlates with func- 


tional activity 


Four dimensions are available from which ex- 
pressions can be derived for correlation with the 
measurements of functional activity: the surface 
and volume of the glomerulus which puts glucose 
into the nephron by simple filtration, energy being 
supplied by the heart, and the length and volume 
of the proximal convolution which removes it by 
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a mechanism of active transport energized by en- 
zymatic action. It is at once clear that the sim- 
plicity of these structural dimensions cannot di- 
rectly represent the complex detail of the func- 
tional processes; moreover, the measurements as 
made contain certain oversimplifications that are 
the result of technical limitations. We proceed, 
therefore, with no assumptions regarding the sig- 
nificance of the absolute values of the structural 
measurements but on the hypothesis that they will 
reflect some over-all constant relation to the func- 


tional data—a conclusion the validity of which 


can be judged by the results of the final correlation. 


In considering the case of the glomerular filter, 


N 3 
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SURFACE OF GLOMERULAR TUFTS IN MAN, 


surface of the tuft might seem to be the appropri- 
ate correlate. This measurement can at best be 
only approximate, for the tuft is often neither a 
perfect sphere nor an ovoid that can be measured 
by simple diameters; moreover, the measurement 
as made includes the capsule, and a few microns 
are thus added to each dimension. More serious 
in its disturbing effect is the fact that the tuft is 
commonly divided into two or more labes which 
add to its surface a quantity impracticable to 
measure, 

On the other hand, since filtration might be 
determined at the capillary wall or at some in- 
ternal membrane whose involutions closely fol- 
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low the vascular ramifications, which are them- 
selves directly immeasurable, it has been held 
that the filtration factor can be represented best 
by the volume of the channels that constitute the 
tuft * (18). 

In the case of the reabsorbing convolution, it 
has generally been assumed in theoretical discus- 
sions that its length determines its efficacy (9, 18), 
a conclusion evidently based on the assumption 
that it is composed of equivalent cells which act 
ad seriatim on the glucose-containing fluid as it 
passes down the tubule. But the functional ca- 
pacity of the convolution, as it is presented in the 
titration curve, is expressed as the degree of satu- 
ration of the reabsorptive mechanism of the tu- 
bular cells and this might well seem to be better 
represented by the cellular volume of the con- 
volution. As stated previously (p. 1095), since 
there is no tubular lumen in the dissected speci- 
mens, the volume of convolution as measured 
corresponds closely to the volume of its epithelial 
cells.4 

These uncertainties inherent in a speculative 
approach to the choice of the two structural cor- 
relates, glomerular and tubular, can be avoided by 
reliance upon the empirical proposition that in- 
forms the basic assumption of the proposed cor- 


For an appreciation of the technical difficulties in 
volved and the conjectural assumptions required in at- 
tempts to measure accurately the “filtering surface” of 
the glomerulus, the 


and Book ( 17 ) 


differ by 100° per 


reader is referred to Vimtrup (16) 


The two investigators arrive at figures 
whicl cent: respectively, 0.78 and 


3813 sq mm 
surface of the lumen 


*It has been suggested that the 


of the proximal convolution should be considered as a 


correlate with the reabsorptive process and, since this 


datum was not available in the experimental material, 
that it could be hypothetically deduced from the external 
convolution in much the same manner as 
taken to 


suggestion 


surface of the 
glomerulus was 
This 


of the nephron, unlike that of 


the surface of the represent 


internal filtration barriers overlooks 
the fact that the 


rubber tubing, is not constant and can be seen in living 


lumer 


issues to vary from 0 to a limit ap 
No such 


variation occurs between glomerular surface and the un- 


as well as in fixed 


proaching the external diameter of the tubule. 
known internal barriers to filtration, for the tissues of 
the glomerular tuft, although distensible, are relatively 
fixed under physiological conditions. In any case, since 
the surface of a cylinder of given size bears a direct re- 
lation to its volume, the former may be considered in 


luded in the latter 


AND MURIEI 


MacDOWELI 


relation—namely, that the structural and func- 


tional aspects of a biological activity are, as is 
evident in processes of adaptation involving de- 
velopment and growth, so intimately related as to 
be expressions of an essential unity.’. If one pair 
of the four possible structural dimensions con- 
cerned in the filtration and reabsorption of glu- 
cose shows a close statistical relationship, this 
agreement can be assumed to have biological sig- 
nificance as indicating that it is the appropriate 
correlate for the corresponding pair of functional 
measurements. 

One further preliminary comment is neces- 
sary: since the functional examination describes 
the distribution of activity among the nephrons 
constituting the kidney, the statistical manipula- 
tions of the structural measurements that are to be 


used in correlation must also keep the nephrons 
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intact ; that is, the measurements of each glomeru- 
lus must be related to those of its own particular 

: a P . ao" KW 134 gms 
convolution. The functional concept of glomeru- 2 mo KW tl gms 
lotubular balance is thereby expressed in its struc- mr 9 KW 157 gms 
tural aspect, and constitutes the first of the struc- 
tural-functional equivalents (r) which we shall 


pr¢ J ,OSC. 


4. The structural expression of glomerulotubular 
balance (r) in the nephron 


a. Proximal convolution length-glomerular sur- 
face. In Figure 5 the surface of the glomerular 
tuft (sq mm) is plotted as ordinate against the 
length of the proximal convolution (mm) as 
abscissa in each of the 104 individual nephrons of 
the three kidneys; the large open symbol indicates 
the mean values of both these measurements for 
the consolidated data and through it a straight 
line is drawn to the zero point. The small open 


symbols (OQ) indicate the mean values in each 


80 a 


Glomerular Volume cu.mm 


of the three kidneys. In the insert the same di- 


Percent of Mean Sample 








Nc] ' 2 > - are ~d acs rcent- —— 2 l 
mensions for each nephron are plotted as percent Lt. 
age values of the calculated “average nephron” of Proximal Volume cv. mm 
the consolidated group. Fic. 7. RELATIONSHIP OF VOLUME OF THE PROXIMAL 
CONVOLUTION TO GLOMERULAR VOLUME IN INDIVIDUAL 


NEPHRONS., 
030 
e 1063 o& KW 13% gms 


a a ee It will be noted that neither the ratios for the 
« 04 9 KW 187 gms . ee . 

individual nephrons of the whole group nor the 
mean values of the ratios from the three kidneys 
(7) follow the line of direct relation; in Table V, 
proximal convolutions of the same length (19.2 
mm) have glomeruli whose surfaces range from 
0.232 to 0.327 sq mm. This lack of correlation 
between the two dimensions is also evident when 
the values of the ratios in the individual nephrons 
are expressed as percentages of the value of the 
“average nephron” of the consolidated group. 

b. Proximal convolution length-glomerular vol- 
ume, In Figure 6 the lack of relationship between 
these dimensions is even more evident than when 
glomerular surface was used as a correlate. 

c. Proximal convolution volume-glomerular vol- 
ume. Figure 7 reveals a definite tendency for the 
ratio of these two dimensions to follow the 


Glomerular Volume cu.mm 


Percent of Mean Sample straight line of constancy; this is true both of in- 





4. 1 
0S 0 's dividual nephrons from the three kidneys and the 
Proximal Length mm : 





; : mean ratios from each of the kidneys. 
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CONVOLUTION TO GLOMERULAR VOLUME IN_ INDIVIDUAL d. Proximal convolution volume-glomerular sw 
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ure 8; judged from its statistical aspect, this is the 
most promising ratio of the two structural dimen- 
sions for correlation with the functional measure- 


ments. 


5. Structural-functional equivalents for the deter- 
mination of glomerular activity 


The theoretical description given by Smith (9) 
of the titration of glucose is based on the experi- 
mentally determined observations of Shannon and 
Fisher (3) and Shannon, Farber and Troast (19) 
on the kidney; and of Walker and Bott; Oliver 
and MacDowell (2) on the nephron. 

The former have shown in the dog that, as the 


plasma level of glucose is progressively elevated, 


a point is reached where tubular reabsorption at- 
tains a constant maximal rate. Below the level of 
plasma glucose required to effect this tubular satu- 
ration, reabsorption of sugar is complete; above 


this level, such glucose as is filtered in excess of 
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the maximal rate of reabsorption is excreted in the 
urine. 

The following summary of the theoretical analy- 
sis of Smith (9; p. 87-97, 104-109) which forms 
the basis of the titration is necessary to determine 
what structural-functional equivalents will be used 
in our correlation and how they can be derived. 

The quantity of glucose filtered per minute con- 
stitutes the load offered to the tubules for reab- 
sorption ; for the entire kidney this load (mg per 
min) is the concentration of glucose in the glo- 
merular filtrate, or Pg, per cc) multiplied 
by the rate of filtration, Cy, 
The rate of tubular reab- 


(mg 
(cc per min); ie., 
glucose load = PgCyp. 
sorption of glucose Tg (mg per min) is the dif- 
ference between this load and the quantity of glu- 
cose excreted in the urine: Tg = PgCm — UcV, 
where Ug (mg per cu mm) is the urine glucose 
concentration and V (cu mm per min) is the 
urine flow. As Pg is increased, Tg remains equal 
to PoC, U,V 


sorptive capacity is reached; this maximal rate of 


being zero, until maximal reab- 


tubular reabsorption is designated as Tmg. The 
observation that Tm, is not significantly altered 
by injection of pyrogens which increase renal 
blood flow or by caffeine, which increases the total 
considered evidence 


filtration rate, is 


against the occurrence of intermittency 


strong 
of glomer- 
ular filtration, a possibility suggested by certain 
observations on the amphibian kidney and which, 
if true for mammals, would complicate the titra- 
tion theory. 

The development of these general propositions 
from the level of the abstract kidney to the level 
of the actual nephrons is made possible by the di- 
rect observations of Walker and co-workers (2). 
For individual nephrons, or functionally homo- 
geneous categories of nephrons, filtration rate is 
indicated by cin, the rate of glucose reabsorption 
by t and the maximal reabsorptive capacity by tm. 
Since a common stream of plasma supplies all 
nephrons, pg will be equal to Pg, while cj, will dif- 
fer in various nephrons in consequence of differ- 
ences in size of the glomerulus and glomerular 
pressure, while tm will differ “if for no other 
reason, because the proximal convolution does not 
in all nephrons have the same size and length” 
(9). In any particular nephron, the critical con- 
centration of glucose required to effect saturation 
of its proximal convolution will vary directly as 
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the maximal reabsorptive capacity of the tubule 
and inversely as the rate of filtration at the glo- 
merulus; i.e., nephrons with the largest cj,/tm 
ratio will saturate at the lowest P«, while those 
with the lowest ¢j,/tm ratio will require a higher 
Pg. 

The ratio ¢;,/tm is designated as r, “glomerular 
activity.” Nephrons which have the same cj,/tm 
ratio are designated as a “category” in respect to 
“glomerular activity”; they may have different 
absolute values of cj, and tm but these cannot be 
determined by the functional procedure. As op- 
posed to r, which concerns individual or cate- 
gories of nephrons, R is postulated to represent 
“total glomerular activity” of the entire kidneys; 
i.e., Cr,/Tmg, and this is shown to be equal to 
the mean value of ci,/tm. 

A development of the equations, based on a suc- 
cessive saturation of the nephrons as the load 
upon them is increased, leads to the final con- 
clusion that, since = ¢;,/tm is identical with C;,/ 
Tmg, and the maximal reabsorptive capacity of 
any category is equal to the load at which satu- 
ration first occurs (C;,Pg =tm,) for that cate- 
gory, then: 

yo 
Cin/Tmg  PeCin/Tme 
This ratio is called the “relative glomerular ac- 
The 


last term of this equation can be solved by sub- 


tivity” of a particular category of nephrons. 


stitution of experimentally determined measure- 
ments. 

Accepting these propositions as a_ theoretical 
description of the functional aspect of the han- 


dling of glucose by the nephrons and the kidney, 
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it is possible to introduce structurally derived 
equivalents for certain factors in the equations. 
As previously mentioned, the selection of these 
equivalents from among the various possible 
structural dimensions is made on the basis of the 
high degree of statistical correlation that exists 
between certain of them; namely, the surface of 
the glomerulus and the volume of proximal con- 
volution. 

From the results of direct observation of the 
process in the nephron (2) we may conclude, un- 
der the same general assumptions as those used 
in the functional analysis and subject to the quali- 
fications previously mentioned (p. 1101) in re- 
gard to certain simplifications in the procedures 
of measurement, that the rate of filtration of glu- 
cose in a concentration equal to that in the plasma 
will vary as the surface of the filter—i.e., the glo- 
merular tuft; cj, is thereby equated, at least rela- 
tively, with the area of this surface (gs) expressed 
in square millimeters. Saturation of the reab- 
sorptive component with glucose, tm,, will vary 
as the volume of tubule to be saturated; i.e., tm, 
is equated with pv, the volume of the proximal 
Can, 


expressed structurally, becomes a function of & gs, 


convolution expressed in cubic millimeters. 


the sum of the surfaces of all the individual tufts 
of the kidney, a figure that can be calculated from 
the mean value of the measured nephrons and 
the known number of glomeruli per gram of kidney 
weight ; in contrast to most current statistical data 
concerning nephrons, this value has been firmly 
established by independent investigators (16, 20). 
In the same manner Tmg may be expressed as 
> pv, the sum of all the proximal volumes. On 
these assumptions, the essential ratios of the func- 
tional description become in structural terms: 


glomerular surface (sq mm) of a particular nephron gs 
= - Se or 


proximal volume (cu mm) of a particular nephron pv 


= mean value of r of all nephrons 


The values of r have appeared previously as 
the points in Figure 8; their calculated values and 
II-V. A 


summary list of the proposed structural-functional 


those of r/R are given in Tables 


equivalents appears in Table VI. 


glom. surf./prox. vol. of a particular nephron 
mean value of (glom. surf./prox. vol.) of all nephrons 


_ ¥s/pv 
MGS/ PV 


(r/R) 


among nephrons in the human kidney as indi- 


6. The distribution of relative activity 


cated by functional and structural measurements 


From 150 observations on 10 normal humans, 
Smith and colleagues (4, 9) have determined the 
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VI 


Proposed structural and functional equivalents 


Functional measurement 


Rate of filtration in a particular nephron 


Glomerular filtration rate (cc/min) 


Rate of glucose reabsorption in a particular saturated 
nephron (mg/min) 


Max. value of total reabsorption in all nephrons 


“Glomerular activity” (cj,/tm) in a particular 
nephron 


Fotal glomerular activity of both kidneys 
Ci,/Tm = mean value C;,/tm 


Relative glomerular activity of a particular category 
of nephrons 
Cin/tm _ 1 
C;,/Tm Pg Ci,/Tm 


distribution of glomerular activity among the ne- 
phrons of a hypothetical kidney by constructing a 
frequency distribution curve in which categories of 
nephrons are plotted with r/R as abscissae and 
The 


considered by them to be practically identical with 


tm/Tm as ordinates. smoothed curve is 


a symmetrical normal frequency distribution ; they 
conclude that in the normal human kidney glo- 


glom. surf./prox. vol. of a particular nephron 
mean value (glom. surf./prox. vol.) of all nephrons 


and tm, Tm as ordinates being represented by: 


prox. vol. of a particular nephron X 100 
sum of all prox. vols. 


The resulting frequency distribution is shown in 
Figure 9; superimposed upon it are the functional 
data of Smith and colleagues (4, 9) transformed 
for more exact comparison from a curve to a 
The 


a degree that it can be concluded that the structural 


stippled histogram. two coincide to such 
dimensions of the components handling glucose 
are distributed in the normal human kidney in the 
same manner as are their functional character- 
istics. 
Comment. In the smoothed distribution curve 
originally presented by Smith and co-workers (4, 
9) there is a distinct skew which is less evident 
in the rearrangement of their data in form of a 
histogram; this skew is present in the histogram 
derived from the structural data. The great sen- 


sitivity of the distribution, also remarked in their 


Structural equivalent 
Surface of glomerular tuft of a particular nephron 
(sq mm) 
Sum of all glom. tuft surfaces 


Vol. of proximal convolution of a particular nephron 
(cu mm) 

Sum of all prox. volumes 

Glom. surf. (sqmm) _, . 
; — of a particular nephron 

Prox. vol. (cu mm) 


Mean value of r of all nephrons 


Glom. surf./prox. vol. of a particular nephron 
Mean value glom. surf./prox. vol. all nephrons 


merular activity in regard to the handling of glu- 
cose is distributed about the mean in such a dis- 
persion that 95 per cent of the observations fall 
within + 40 per cent of the mean. 

A similar statistical procedure was applied to 
the structural dimensions of 104 nephrons from 
the normal individuals, r/R as the abscissae being 
represented by the structural-function equivalent : 


gs/pv 


MGS/PV’ 


100 pv 
2X pv” 


functional data by Smith and co-workers, is il- 
lustrated by the extension of the base of the 
structural histogram beyond 1.70; this was the re- 
sult of 3 nephrons in the 104 cases. 


7. Observations on the distribution of functional 
activity among the individual nephrons 


In the theoretical description of the procedure 
of titration (9) the term individual nephron is 
parenthetically qualified: (or a functionally ho- 
mogeneous category of nephrons); it is further 
stated that a category having a certain c;,/tm ratio 
(r) may include individual nephrons with differ- 
ent absolute values of c;, or tm but that these are 
data which cannot be determined by the functional 
pr cedure. 

The however, are 


structural measurements, 
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Distribution of Glomerular Activity 
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gs/pv 
GS/PV 


























50 -80 1.10 1.40 1.70 2.00 2.30 


functional data (Smith et al.) 


Fic. 9. COMPARISON OF THE DISTRIBUTION OF RELATIVE 


GLOMERULAR ACTIVITY AS DERIVED FROM FUNCTIONAL AND 
STRUCTURAL MEASUREMENTS 


made on isolated nephrons which preserve intact 
the glomerulus and its attached convolution, and 
this makes possible more detailed examination of 
the distribution of activity among them insofar 
as it is represented by — structural-functional 
equivalents. 

Reference to Figure 8, in which the structural 
equivalents of glomerular activity (gs/pv =r) 
are plotted, or to Table V, in which numerical 
values appear, shows that in 104 nephrons r was 
identical with the third place in five pairs whose 
absolute glomerular and tubular dimensions vary 
widely (nephrons 1-70, 55-97, 28-104, 9-18 and 
79-86). The coincidence of relative glomerular 
activity (r/R) is equally frequent as can be seen 
by following the ordinates of Figure 10 or in the 
figures of Table V where as many as six nephrons 
(10, 25, 62, 78, 84, 95). 


Nephrons with a proximal volume of 0.112 cu mm 


have identical ratios 
(no. 4) and 0.051 cu mm (no. 98) have the same 
value of r/R (0.97) or nephrons with the identical 
proximal volume of 0.09128 cu mm (nos. 34, 39) 
have r/R ratios of 0.72 and 1.07. 

Histogram A of Figure 10, constructed from the 
data of individual nephrons in the three kidneys, 
is similar to Figure 9 which is derived from cate- 
gories of nephrons, but it demonstrates the actual 
scatter of the ratios of the individual nephrons 
from the three kidneys. The cause of the skew 
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which is so evident in the distribution of ratios 
based on both functional and structural measure- 
ments in the two superimposed histograms of 
Figure 9 now becomes apparent. 

In Figure 10 the total population of 104 neph- 
rons 1s approximately equally divided in regard 
to the volume of their proximal convolutions 
above and below the average value (0.081 cu mm). 
In 53 nephrons where proximal convolution vol- 
ume is greater than the average, 34 are below the 
mean (1.02) in relative glomerular activity for 
nephrons irrespective of size, and 19 above, while 
in 51 nephrons whose proximal volumes are less 
than average, the distribution of r/R is reversed— 
28 lying above and 23 below the mean ratio. 
Proximal convolutions with greater than average 
volume have a mean r/R of 0.93, whereas those 
with less than average proximal volume have a 
mean ratio of 1.11. Selected on the basis of their 
relative glomerular activity, three of the four 
highest ratios are found in nephrons with small 
proximal convolutions, and the three lowest ra- 
tios in nephrons with large proximals. 

It is therefore apparent that the skew in the 
distribution of relative glomerular activity among 


Distribution of Individual Nephrons in 3 Kidneys 


A- All nephrons 


Meon py 





B- Nephrons above mean oT 
{ ' 

i 20 

4 

a 


cu. mm 





C-Nephrons below mean py 


Proximal Volume 


Mean °/R® 








80 1.10 140 1.70 200 
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Fic. 10. 
TIVITY IN 
UME OF PROXIMAL CONVOLUTION 


DISTRIBUTION OF RELATIVE GLOMERULAR AC- 


INDIVIDUAL NEPHRONS IN RELATION TO VOL- 
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the nephrons in the hypothetical kidney constituted 
on the basis of the consolidated structural data, is 
related to the “size” of the nephrons, those with 
large proximal convolutions having low ratios of 
relative glomerular activity and those with smaller 
proximal volumes having higher ratios.® This is 
evident in the inserted histograms B and C of 
Figure 10, showing the distribution of r/R of ne- 
phrons whose proximal volume lies above and be- 
low average size. 

Accepting provisionally the validity of the struc- 
tural-functional equivalents, these observations 
agree (i.e., correlate) with the conclusions which 
follow from the functional theory and extend and 
confirm the theory by an actual demonstration of 
the relationship of the individual nephrons to the 
kidney which their sum constitutes. 

Comment. These conclusions may have sig- 
nificance in situations involving growth of the 
nephrons, that due either to normal increase with 
age or to “compensatory hypertrophy,” since in 
both cases it has been shown that the proximal 
convolution grows in a distinctive manner (21). 
The implication of this earlier observation was that 


in adaptation to functional increase the proximal 


5 A comparison of the structural data for specific in- 
dividual nephrons as they appear in Tables II-V affords 
an interesting and, what is rare, a concrete example of 
one distinction between a hypothetical or ideal kidney 
1106) 


and structural aspects, the former is constituted of con- 


and a real kidney. In both its functional (cf. p. 
solidated data from several individual kidneys; in the 
case of the structural presentation, of 104 nephrons from 
three kidneys. These nephrons had not developed, grown 
and functioned in a common association and environment, 
aithough conditions in all of the individuals from which 
they came were presumably similar—i.e., “normal.” The 
relationships between nephrons are therefore somewhat 
different from those that obtain in the actual kidney of 
an individual (Subject 1041) as can be seen by comparing 
the structural data of the first, and largest, nephron in 
Table III with that shown for the same nephron in Table 
V. The same dimensions appear in each and r, which 
concerns the particular nephron, is identical; but r/R, 
which represents the relationships of this nephron to its 
fellows as they existed during the life of the individual, 
is 0.77 in the real kidney, whereas it is 0.63 in the hypo- 
thetical organ. In the case of the smallest nephron, the 
last item in Tables III and V, the 
r/R is 0.94 and 1.16. 
that relative glomerular activity—i.e., the relationship of 
glomerulotubular balance in the individual nephron to 
that of the kidney—differs in the two cases, being 3.22 in 
the hypothetical or ideal kidney and 2.62 in the real. 


difference between 
The reason for these differences is 


JEAN OLIVER AND MURIEL MacDOWELL 


convolution responds by relatively greater growth 
than do other tubular segments of the nephron; 
the present findings indicate that it also grows 
relatively more than its glomerulus, with a cor- 
responding balance. 
Smith notes (18, p. 513) that in children who 


shift in glomerulotubular 
have growing proximal convolutions, glucose reab- 
sorptive capacity is much more highly developed 
relative to glomerular function than in adults, and 
Kolberg (22) has recently examined the same 
problem in compensatory hypertrophy after ne- 
phrectomy. Until definitive quantitative struc- 
tural data in these situations are available, the 
problem remains in the field of speculation. 


8. The structural homogeneity of the renal cortex 


Another question concerning individual nephrons 
is the possible variation in their size depending 
upon their point of origin in the cortex. Since 
there may be a difference of a centimeter in the 
distance traversed by proximal convolutions aris- 
ing from glomeruli near the surface of the kidney 
and those lying near the corticomedullary junction, 
and since all end at the same level in the medulla, 
it might be assumed that there would be consid- 
erable resulting differences in length. Glomeruli 
lying near the corticomedullary junction have 
Although 
there is no direct evidence by micropuncture, since 


also been described as larger (23). 


to the present time only the outermost glomeruli 
have been accessible to the pipette, various specu- 
lative functional significances have been assigned 
to these equally hypothetical structural variations. 

In Figure 11 the dimensions of glomeruli and 
proximal convolutions in the outermost, middle 
and lowest third of the cortex are shown; they 
may be compared with the undistributed consoli- 


dated data of Figures 1, 2 and 3. 


In summary, it 
may be stated that from the structural standpoint 
a rather remarkable cortical homogeneity is ob- 
served ; the outermost nephrons have only a mod- 
erately greater length (mean = 21.5) as compared 
with the lowermost (M = 17.7) and the same is 
true of their volumes (M = 0.088; M = 0.075), 
although it is a fact that somewhat larger proxi- 
Glo- 


merular surfaces show even less variation in the 


mals are derived from outermost glomerulli. 


three zones; their variability is greatest, however, 


in the lower zone. The distribution of ratios of 





JCTURAL-FI 


Pic: DL 
AND GLOMERULI IN OUTER, 


DIMENSIONS OF PROXIMAL CONVOLUTIONS 


MIDDLE AND LOWER ZONES OF 


THE CORTEX. 


relative glomerular activity of the nephrons is es- 
sentially similar in the three zones (Figure 11). 
There is, therefore, no structural evidence that 
nephrons from different levels of the cortex should 
behave very differently in the handling of glucose. 
III, THE STRUCTURAL-FUNCTIONAL EQUIVALENTS 
APPLIED IN CORRELATION WITH FUNCTIONAL 


MEASUREMENTS 


In his discussion of the “glucose threshold” 


Smith (24, p. 38) points out that, although the 
existence of a maximal reabsorptive rate for glu- 
cose is in principle responsible for this phenome- 
non, since both Tmg and GFR vary in different 
subjects it cannot be identified, as was the original 
implication, with any fixed plasma concentration. 
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As micropuncture and dissection show (2), a 
structural factor imposes a similar qualification 
on this concept-—namely that, although in prin- 
ciple the threshold is determined by the fact that 
under normal circumstances approximately one- 
half of the proximal convolution is “in reserve” 
for the reabsorption of an increase in filtered load, 
as the present measurements have indicated, the 
amount of this reserve varies in different nephrons 
and in individual kidneys.® 

Smith therefore considers it more pertinent, in 
comparing the functional characteristics of the 
kidneys of individuals, to consider the ratio GFR/ 
Cy,/Tmg, rather than a “threshold,” 


O37 + 


Tmg; 1.e., 


and this ratio in normal men averages 


+ 0.06. 
The structural data for the calculation of this 


0.05 and in normal women 0.39 


ratio from the structural-functional equivalents 
Table VII. 


crucial correlation in the form of a “‘com- 


are shown in 

The 
posite” titration curve can now be constructed by 
using a combination of the functional and struc- 
tural measurements; this can be accomplished by 
computing from the structural data the loads at 
which saturation would occur in each group of 
nephrons having the same ratio of glomerular 
surface-proximal volume, beginning with the low- 
est load and calculating the corresponding figure 
for reabsorption from the sum of the proximal 
volumes theoretically contributing at each suc- 
cessively higher value. A complete theoretical 
development of these transformations from struc- 
tural to functional form will be found in the fol- 
lowing report (25) where both sorts of measure- 
ments are derived from the same kidney of the 
dog. The result of such computation is shown in 
the composite titration curve (Figure 12) in 
which the points of saturation were calculated from 
the anatomical data, and the dotted line of the 
splay is the smoothed curve derived by Smith and 
colleagues (Figure 6 in Reference 9) from their 


functional data. 


6 This “reserve” of proximal convolution is responsible 


for the apparent anomaly encountered in histological ex- 
aminations of the kidneys in acute tubular necrosis where 
extensive proximal damage may be present with no gly- 
cosuria although Tme is reduced. When the proximal 


convolutions in such cases are examined in their con- 


tinuity by microdissection, it is found that a great part 
and often the first half of the proximal convolution has 


escaped damage (12, p. 1362). 
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rABLE VII 


Structural data from dissected kidneys 





1038 
1041 
1044 


Kidney weight X 7,000. 


No. of 


nephrons* 2 pvt 


2,345,000 
2,198,000 
1,876,000 


0.069 
0.077 
0.100 


161,805 
169,246 
187,600 


Average value from Vimtrup (16) and Kittelson (20). 


0.269 
0.197 
0.327 


sq mm 
630,805 
433,006 
613,452 


> pv = sum of all proximal volumes. 
> gs = sum of surfaces of all individual tufts. 


Assuming Tmg¢/> pv = k, then Tmg =k © pv: 


3757 
161,805 
3037 
169,246 

375 


187,600 


1038 


1041 


1044 


0.0021 k 


And if GFR/> gs = k, then GFR = k © gs: 


133 
630,805 
117 
433,006 
133 
613,452 


1038 


1041 


1044 


k 0.00021 k 


On these assumptions, the ratio becomes: 


GFR 
Tmcg 


630,805 & 0.00021 


1038 ind 
161,805 X 0.0021 


433,006 X 0.00027 


0 em : & 
— 169,246 X 0.0018 


613,452 & 0.00021 


(0) sot lis reached 
state 187,600 * 0.0021 


Smith observed GFR/Tme, 


eal 


> gs X 


zz pv X > 


0.0023 


0.0018 


0.0020 


= 0.0018 0.0019 


0.00021 


0.00027 


0.00021 


= 0.00027 0.00024 


¥ k 0.00021 
> k 0.00027 
Fk 0.0021 


k 0.0018 


132.47 
339.79 
116.9 
304.6 
128.82 
nicest 0.328 
393.96 


Av. 0.35 


0.37 + 0.05 0.39 + 0.06 


7 Mean values for normal men and women from Smith (9, pp. 96-97). 
* A small kidney with a large proximal volume relative to its more ‘‘normal’’ glomerular surface; similar to Smith's 


case, T.T., 166/536 = 0.31 (9, p. 96). 
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Functional Data (Smith et al.) 
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Fic. 12. CoMPposITE GLUCOSE TITRATION CURVES CALCU- 
LATED FROM FUNCTIONAL 
MENTS. 


ANATOMICAL AND MEASURE- 


IV. DISCUSSION ? 


It has proved possible to substitute in the theo- 
retical functional description of the handling of 
glucose by the nephrons of the human kidney (4, 
9) structural measurements of the components 
known to be solely responsible (2) for its filtration 
and reabsorption. By the use of certain equiva- 
lents the functional description of the frequency 
distribution of “relative glomerular activity” 
(r/R), as well as GFR and Tmg and their ratio 
(GFR/Tmg) has been reproduced from the struc- 
tural measurements, and the “titration curve” of 
tubular saturation with its typical splay has been 
constructed by using anatomical and functional 
measurements as equivalent data. 

In short, this particular renal activity can be 
quantitatively described in identical terms in two 
ways: either by using the anatomical dimensions 
of the operating components (glomeruli and proxi- 
mal convolutions) or by the measurement of the 
dynamic movements of glucose between blood and 
urine that occur during its filtration and reabsorp- 
tion. 

Since the terms of the functional description 
of the handling of glucose (r/R, GFR, Tmg, 
GFR/Tmg,) are technically not open to direct 
experimental observation and confirmation, it 
has remained to the present a logical construct 
based on theoretical extension from certain obser- 
vations (2, 3). Although not a direct confirma- 
tion, as might be found in observations on the 
kidney by some elaborated form of micropuncture 
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where GFR or Tmg had a predicted value, the 
finding of identical quantitative relationships be- 
tween the structural characteristics of the compo- 
nents of the glucose-handling mechanisms that 
obtain for their functional behavior adds consider- 
able weight in support of the theory. In part, 
the confirmation is direct ; for example, since Tmg 
=k & pv, it may be said that Tmg¢ is the measure 
of the “tubular mass” of the proximal convolutions 
of the nephrons of a given normal kidney. 

Such a quantitative structural-functional cor- 
relation makes possible a direct approach to in- 
formation not available from functional analysis— 
for example, the observation of glomerulotubular 
balance in individual nephrons. It has been noted 
that the relative glomerular activity of a nephron 
appears to be inversely related to its size, and the 
question has been posed as to how this may apply 
to situations involving growth of the renal tissues. 

These, and other relationships concerning the 
nephrons and their totality, the kidney, will be- 
of the 
correlative procedures in the dog, where the 


come apparent in an examination same 


structural and functional measurements will be 


made on the same kidney (25). Moreover, the 
possible effects of considerable variation in the 
size of kidneys of different animals and in the 
relative composition of the kidney in nephrons 
will afford a more crucial test and an extension of 
the correlative procedure by means of structural- 
functional equivalents. 


V. CONCLUSIONS 


1. A statistical study of the normal human kid- 
ney has been made by microdissection to deter- 
mine the structural dimensions of the parts of 
the nephron (the glomeruli) through which glu- 
cose enters the tubule fluid and of the segments 
(the proximal convolutions) which remove it. 

2. On the basis of this analysis certain struc- 
tural-functional equivalents have been proposed. 
When these are substituted in the theoretical func- 


tional description of the handling of glucose by the 


normal kidney and its constituent nephrons, it 
is possible to calculate such characteristics of re- 
nal activity as glomerular activity (r); total glo- 
merular activity (R); r/R; glomerular filtration 
rate (GFR); maximal tubular reabsorption of 


glucose (Tmg); and GFR/Tmg. Within ac- 
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cepted limits of observational and statistical er- 
ror, the values thus calculated from the structural 
data are identical with those derived from the 
functional measurements. 

3. It is also possible to duplicate in quantitative 
terms the functional titration curve which de- 
scribes the over-all process of the handling of glu- 
cose by the kidney by means of these structural- 
functional equivalents. 

4. The splay in the titration curve of the kidney 
appears as a result of a certain heterogeneity in 
the functional activity of its constituent nephrons 
which correlates quantitatively with the variability 
of their structural dimensions. 


REFERENCES 
Walker, A. M., and Oliver, J Methods for the col- 


lection of fluid from single glomeruli and tubules 
of the mammalian kidney. Amer. J. Physiol. 1941, 
134, 562. 

. Walker, A. M., and Bott, P. A.; Oliver, J., and Mac 
Dowell, M. C. The collection and analysis of 
fluid from single nephrons of the mammalian kid- 
ney. Amer. J. Physiol. 1941, 134, 580. 

Shannon, J. A., and Fisher, S. The renal tubular 
reabsorption of glucose in the normal dog Amer. 
J. Physiol. 1938, 122, 765. 

Smith, H. W., Goldring, W., Chasis, H., Ranges, 
H. A., and Bradley, S. E. The application of 
saturation methods to the study of glomerular and 
tubular function in the human kidney J. Mt 
Sinai Hosp. 1943, 10, 59. 

Mudge, G. H. Clinical patterns of tubular dysfunc- 
tion. Amer. J. Med. 1958, 24, 785. 

Wilbrandt, W Secretion and transport of non- 
electrolytes. Symp. Soc. exp. Biol. 1954, 8, 136. 
3urgen, A. S. V. A theoretical treatment of glucose 
reabsorption in the kidney. Canad. J. Biochem. 

1956, 34, 466. 

Govaerts, P. Physiopathology of glucose excretion 
by the human kidney. Brit. med. J. 1952, II, 175. 

Smith, H. W. Lectures on the Kidney. Lawrence, 
Univ. of Kansas Press, 1943. 


MI 


RIEL MacDOWELI 


10 


. Vimtrup, B. On the number, shape, structure, anc 


Thoma, R. Quoted from Roessle and Roulet (11), 
p 64. 


. Roessle, R., and Roulet, F. Mass und Zahl in der 


Pathologie. Berlin, J. Springer, 1932 


. Oliver, J., MacDowell, M., and Tracy, A. The 


pathogenesis of acute renal failure associated witl 
traumatic and toxic injury Renal ischemia, 
nephrotoxic damage and the ischemuric episode 
J. clin. Invest. 1951, 30, 1307 

Sperber, I. Studies on the mammalian kidney. Zool. 
Bidr. Uppsala 1944, 22, 249. 

Peter, K. Untersuchungen ueber Bau und Ent 
wicklung der Niere. Jena, G. Fischer, 1909. 

Pai, H. C. Dissections of nephrons from the human 
kidney. J. Anat. (Lond.) 1935, 69, 344 

. | 
surface area of the glomeruli in the kidneys of man 
and mammals. Amer. J. Anat. 1928, 41, 123. 

Book, M. H. The secreting area of the glomerulus. 
J. Anat. (Lond.) 1936, 71, 91 

Smith, H. W. The Kidney; Structure and Function 
in Health and Disease. New York, Oxford Univ 
Press, 1951. 

Shannon, J. A., Farber, S., and Troast, L 


measurement of glucose 7m in the normal dog 


Amer. J. Physiol. 1941, 133, 752 
Kittelson, J. A. Phe postnatal growth of the kidney 
of the albino rat, with observations on an adult 


13, 385 


Oliver, J. New directions in renal morphology: A 


human kidney. Anat. Rec. 1917, 


method, its results and its future. Harvey Lect 
1944-5, ser. 40, 102. 


Kolberg, A. Relations of renal tubular and glomeru- 


lar function as influenced by 75 percent reduction 
~ nephron number; a patho-physiological study 
Scand. J. clin. Lab. Invest. 1959, 11, suppl. 41. 

Trueta, J., Barclay, A. E., Daniel, P. M., Franklin, 
K. J., and Prichard, M. M. L. Studies of the Re- 
nal Circulation. Oxford, Blackwell, 1947. 

Smith, H. W. Principles of Renal Physiology. New 
York, Oxford Univ. Press, 1956. 

Bradley, S. E., Laragh, J. H., Wheeler, H. O., Mac 
Dowell, M., and Oliver, J. Correlation of struc 
ture and function in the handling of glucose by the 
nephrons of the canine kidney. J. clin. Invest. 


1961, 40, 1113. 





CORRELATION OF STRUCTURE AND FUNCTION IN THE 
HANDLING OF GLUCOSE BY THE NEPHRONS OF 
THE CANINE KIDNEY * 


By S. E. BRADLEY, J. H. LARAGH, H. 


O. WHEELER}, M. MacDOWELL anp 


J. OLIVER 


(From the Department of Medicine, Columbia University College of Physicians and Surgeons, 


New York, N. y.. 


Pharmaceutical Products, Inc., 


and the Renal Research Unit, Research Department, CIBA 


Summit, N. J.) 


(Submitted for publication November 18, 1960; accepted March 9, 1961) 


The mammalian kidney presents a variety of 
almost self-evident correlations between structure 
and function. The glomerulus, with its enclosed 
capillary tuft, is obviously designed to serve as a 
filtering unit. The tubular systems draining the 
glomeruli are likewise clearly organized in such a 
way as to process most efficiently the filtrate 
formed in the glomeruli during its passage to the 
bladder. Numerous studies, both direct and indi- 
rect, have proved that processing of filtrate in- 
volves reabsorption and secretion by the tubule 
cells and that it depends upon an orderly arrange- 
ment of sequential processes at different levels in 
the tubules. Since all nephrons are similar in 
construction, renal function may be conceived in 
terms of a single unit and interpreted in terms of 
the basic anatomical arrangement. 

The uniformity of nephron construction, how- 
ever, is coupled with a dimensional heterogeneity 
(1). 
homogeneity and to indicate an equally diverse 


This fact would seem to preclude functional 


composition and volume of urine formed by dif- 
ferent nephrons. In addition to variation in size, 
the nephron population is subjected to further vari- 
ability through its dependence upon the circula- 
tory system. Filtration is, in the last analysis, a 
circulatory phenomenon. As such, it is affected 
both by vascular adjustments involved in the 
regulation of urine formation and by general sys- 
temic responses. Nevertheless, a growing body of 
evidence suggests that over-all function may be a 
valid guide to function of the individual nephron 
under basal conditions, suggesting that filtration 
is evenly distributed and that anatomical variation 


is minimized in some manner. 


* This work was supported by a grant from the New 
York Heart Association (SEB) and by Grant H-3765-Cl 
(J0) from the National Heart Institute, Bethesda, Md. 

+ John and Mary Markle Scholar in Medical Science. 


Theoretically, the range of nephron activity 
could be restricted by a balanced relationship be- 
tween glomeruli and tubules that would assure 
uniform loading of tubular cells, a relationship 
that might lend itself to structural-functional cor- 
relation. The volume of filtrate formed in any 
glomerulus each minute must be determined by 
capillary filtration pressure and the capillary sur- 
face area available for filtration. The afferent ar- 
teriolar resistance is believed to be relatively low 
so that glomerular capillary pressure approximates 
mean arterial pressure throughout the kidney. 
Hence, differences in glomerular size may be as- 
sumed to reflect corresponding differences in fil- 
tration and in the load imposed upon the dependent 
tubule. Since glomerulotubular balance implies 
a uniformity in the distribution of filtered load 
to tubular cells, it follows that balance may be ex- 
pressed structurally as a proportionality between 
certain glomerular and tubular dimensions. 

Although a physiological concept, glomerulo- 
tubular balance is not easily defined on the basis 
of function alone. Glomerular filtration and tu- 
bular function can be measured only for the entire 
kidney, not for individual nephrons. For this pur- 
pose Smith and associates (2) have devised a 
method of measuring tubular glucose reabsorption 


relative to filtered load at successively higher 


plasma glucose levels (glucose titration) that per- 


mits characterization of the population of nephrons 
in the distribution of “glomerular activity”; i.e., 
glomerular filtration rate relative to the maximal 
tubular glucose reabsorptive capacity of the at- 
tached tubule (cin/tm,g). If all nephrons had the 
same glomerular activity, all filtered glucose would 
be reabsorbed at all plasma levels up to that at 
which the glucose transfer mechanism is saturated ; 
thereafter the rate of reabsorption would be con- 
stant( glucose Tm) and the glucose filtered in ex- 
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cess 6f the transfer maximum would escape in the 
urine. Such an ideal situation rarely, if ever, ob- 
tains because glomerular activity varies within the 
nephron population so that glucose appears in 
the urine at filtered loads well below Tm levels 
and loads greatly in excess of Tm are required to 
assure saturation of the whole kidney. The re- 
sulting departure or “splay” from the ideal straight 
line relationship between tubular reabsorption and 
load is thus an expression of the degree and kind 
of dispersion of glomerular activity, or glomerulo- 
tubular balance, in the nephron population. From 
functional data of this kind it is possible to pre- 
dict a close correlation between glomerular and 
tubular dimensions that may be related respectively 
to filtration and to the maximal glucose reabsorp- 
tive capacity. 

This prediction has been verified by Oliver and 
MacDowell (3) 
dimensions of the nephron population in normal 


in the course of studies of the 


human kidneys. The diameter, volume and sur- 
face area of the glomeruli, and the length and vol- 
ume of their attached proximal convoluted tubules 
were measured directly in 104 nephrons care- 
fully dissected from kidneys of three normal hu- 
man subjects killed by accidents. No correlation 
was observed between glomerular surface and 
proximal length or between glomerular volume and 
proximal length. A definite tendency for proxi- 
mal volume and the glomerular volume to vary in 
the same direction was evident. Glomerular sur- 
face, however, was found to be closely and sig- 
nificantly correlated with proximal volume. In 
view of the fact that glucose reabsorption is lim- 
ited to the proximal convoluted tubule (4), this 
relationship seemed to justify the inference that 
the functional correlation between individual 
nephron glomerular filtration rate and its tubular 
glucose reabsorptive capacity might be best ex- 
pressed in measurable structural terms by the ra- 
tio between glomerular surface and proximal con- 
voluted tubular volume. Accepting these meas- 
urements as structural-functional equivalents, it 
is possible to predict the extent to which such a 
glomerular surface-proximal volume correlation 
might bring about a deviation in the titration curve 
from the predicted straight line relationships. 
When this was done, it was found that the func 
tional data obtained in man by Smith and his co- 


workers quite closely fitted the curve derived from 
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the structural measurements, indicating that splay 


may indeed be regarded as evidence of a dispersion 


of structural glomerulotubular balance. To evalu- 
ate this relationship more closely, a measurement 
of glucose titration was made in dogs and com- 
pared with curves derived from anatomical data 


obtained subsequently in the same animals. 


METHODS 


Three trained, adult, female dogs were used as the sub- 
jects of this study. All were mongrels in good health 
Dali, a Dalmatian, weighed 23 kg; Cora, predominantly 
Collie, 
four 


a Boxer, weighed 19 kg; Elena, a miniature 


Each was studied on at least 


occasions at intervals of 2 to 3 weeks over a total period 


weighed 15 kg. 


ranging from 6 to 13 weeks. In each determination ar- 


terial blood samples were obtained at approximately 30 


minute intervals by an indwelling needle inserted into 


the femoral artery. Urine was collected by an indwelling 
catheter at approximately 10-minute intervals before and 
during intravenous infusion of inulin and glucose. All 
urine samples were obtained continuously, and emptying 
was assured by manual expression and 15-ml saline wash- 
infusion of inulin and glucose was 


outs. Intravenous 


maintained at a constant rate by a motor-driven pump 


(Bowman). The animals were studied in a fasting con 
dition after adequate hydration. Moreover, isotonic saline 
infused rapidly prior to beginning meas- 


Man- 


nitol was frequently added to the “priming” doses of inu- 


was usually 
urements in order to assure adequate urine flow. 
lin for the same purpose. After the administration of 
glucose and the appearance of high glucose blood con 
diuresis developed and_ high 
The 
They 


quietly throughout the procedure, but every effort was 


centrations, continuous 


urine flows were achieved. dogs were given no 


premedication or sedation. were trained to lie 


made to avoid discomfort and pain. For this purpose 
procaine was infiltrated about the point of needle inser- 
as little as pos 
bladder 


washed out gently in order to avoid discomfort or trauma 


tions and the catheter was manipulated 


sible. Urine samples were collected and the 
At no time did any evidence of urinary tract infection de 
velop, and the dogs remained in good health and good 
spirits throughout. 

filtration 


rather than 


Glomerular was measured by inulin clear- 


ance (5) creatinine clearance, since creati 
nine could not be determined with sufficient accuracy in 
the presence of high plasma glucose levels. A _ small 
priming dose, up to 1 g of inulin, was administered at 
the beginning of each infusion after quantitative collection 
of urine over a measured period of time in order to pro- 
vide a value for “blank” excretion. An inulin infusion 
was made up in concentrations designed to provide 14 to 
20 mg per minute of inulin continuously (in 2.5 ml per 
Inulin was determined in 


diluted 


minute) throughout the study 


cadmium filtrates (6) of plasma and in urine 


by the Harrison method (7). 
Various methods were employed to raise the plasma 
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glucose concentration gradually from the control values 
to levels well in excess of those necessary to saturate 
the transfer mechanisms. In most instances 2 to 3 col 
lection periods of urine were obtained prior to the addi 
tion to the infusion of glucose (50 per cent solution) and 
sufficient supplementary inulin to assure maintenance 
of the inulin concentration in the infusion. 
appropriate amounts of inulin were added at approxi- 


thereafter to raise the 


Glucose and 


intervals 
As a rule 


mately three period 


plasma glucose levels. (see Results for addi- 
tional details), a large amount of glucose was adminis- 
tered intravenously at the end of each study to guarantee 
high glucose concentrations. 


establishment of plasma 


Urine discarded for approximately 30 minutes 
thereafter to permit equilibration of the plasma level and 


to eliminate artifact resulting from a rapidly changing 


was 


excretion. The plasma and urinary glucose concentra- 
tions were measured in cadmium filtrates of plasma in di- 
luted urine by the Nelson-Somogyi method (8) and 
appropriate corrections were made for urinary and plasma 
“blanks.” 


were made immediately after collection of the urine and 


To assure accuracy of results, determinations 


plasma samples. 

When enough data had been accumulated to permit 
evaluation of the titration curve, the left kidney was re- 
moved surgically from each animal, weighed, and fixed 
in 10 per cent formalin. As far as could be determined 
from gross and microscopic examination, there was no 
Small blocks of tis- 


sue which included the cortex and medulla were excised 


evidence in any of renal disease. 
from the kidney at uniformly distributed points. These 
blocks were then allowed to undergo maceration for 40 
to 48 hours in concentrated HCI; thereafter, the nephrons 
were separated in water with needles under a binocular 
microscope. Complete proximal convolutions ! with their 


attached glomeruli isolated randomly from each 


block—that is, in equal numbers from beneath the capsular 
surface, 


were 


from the mid-cortex, and from the lowermost 


level of the cortex. The isolated nephrons were floated 
onto a slide in a drop of water and after gentle manipu- 
lation they spread out sufficiently to permit camera lu- 
could 


cida drawings from which linear measurements 


be made. 
bule was measured directly with a filar micrometer at a 


The diameter of the proximal convoluted tu- 


magnification of 50, at 10 points evenly distributed 


along the course of the tubule. These values were av- 


eraged and the volume of the tubule was computed as 


for a cylinder. The greatest and the least diameters of 


the glomeruli were also measured with the micrometer, 
averaged, and the surface calculated as for a sphere. 


Every precaution was taken to avoid swelling and 


shrinkage (3). The statistical uniformity of the data 


obtained from repeated dissections over an extended pe- 


1 The proximal convoluted tubule may be characterized 
structurally as that portion of the nephron which extends 
from the glomerulus to terminate in the outer stripe of the 
medulla at the transition to the thin portion of Henle’s 
loop. Its first half is convoluted and lies in the cortex ; its 
second half is relatively straight and lies in the medulla. 
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riod strongly suggests that such changes did not affect 
the results. 


RESULTS 


Renal functional parameters. The data obtained 
in the course of repeated measurements of glomeru- 
lar filtration rate and tubular reabsorption of glu- 
cose in the three dogs are presented in Tables I to 
IIT. 


markably little in each animal during the period 


3oth filtration and glucose Tm varied re- 


of weeks (up to 13; Dali) throughout which the 
measurements were made. Thus the meafis for 
each, computed from the averages for each experi- 
ment, did not differ significantly from those based 
The 


what follows below. 


upon the pooled data. latter are referred 


to in The differences ob- 
served between the average figures appear to be 
determined largely by differences in animal size, 
although differences in breed cannot be excluded 
The 


glomerular filtration rate per kilogram of body 


as an influential factor. values for mean 
weight fell within the normal range defined by 
Houck (9) (Cora, 3.33 ml/min/kg; Dali, 4.23; 
Elena, 4.42; as compared with 4.29 = SD 1.01 for 
the normal). Maximal glucose reasorption also 
tended to vary with body weight; the highest 
values occurred in Dali (23 kg, 16 mg/min/kg), 
the lowest in Elena (15 kg, 11.1 mg/min/kg), 
with intermediate figures in Cora (19 kg, 12.0 
mg/min/kg). Nevertheless, certain discrepancies 
were evident. The value for glucose Tm was un- 
usually large in Dali, actually greater than the 
average for a man weighing three times as much, 
The 
ratios between mean filtration and glucose Tm in 
Dali and Cora agreed closely (Dali, 0.263 ml/mg ; 
Cora, 0.278). 
tively high and glucose Tm somewhat low, the fil- 


but it was consistent with the filtration rate. 


Perhaps because filtration was rela- 


tration/Tm ratio was much greater (0.4) in the 
smallest dog, Elena, than in either of the others. 
The absence of significant variation in renal 
function from day to day during the period of ob- 
servation was consistent with relative stability of 
behaviorial, and 


the physiological, nutritional, 


environmental conditions. During each experi- 
ment, moreover, very little change occurred in 
filtration, presumably because each animal was 
well trained and well adjusted to a procedure 
which was designed to avoid undue stimulation. 


The use of an indwelling arterial needle for the 
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collection of blood samples and gentle handling 
during bladder-emptying were apparently success- 
ful in eliminating the renal vasoconstrictive re- 


sponses which had undoubtedly occurred tran- 


siently at the beginning of each test when needles 


and catheter were put in place. “Discard periods” 
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up to an hour in length were employed to prevent 
reflection of these reactions in the experimental 
data. 
11.40 

9 


Elena, and 63.2 + 5.22 


The inulin clearance averaged 97.3 +(SD) 
Dali, 66.3 + 5.96 


in Cora, the corresponding 


ml per minute in in 


coefficients of variation amounting to 11.7, 9.0, 
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See Footnote, Table I. 


. Values taken es maximal t 
obteined at plasma glucose 

40 mg per cent. 
1.10 or higher in each 
expected from analytical error, 


2 


instance and 


and 8.3 per cent, respectively. The values for 
glucose Tm obtained toward the close of nearly 
test varied even less, in Dali averaging 
19.74 mg per minute; in Cora, 227.5 + 


Urine flow varied 


every 
369.8 
7.99; in Elena, 166.2 + 6.28. 
less during measurement of the Tm, although con- 
ditions were such as to augment rather than mini- 


ubular glucose reabsorptive rates. 
levels below 400 mg per cent but in excess of 
The load/Tm ratio computed on this basis proved to be 
the values for T, 
over a range of load? Tm from 1.10 to 2.10. 


All were 


did not vary more than 


mize inconstancy, since fatigue and restlessness 
tended to develop after several hours of re- 
cumbency, blood sampling, and urine collections. 
The high urine flows arising from the glucose os 
motic diuresis may have been associated with a 
slight increase in inulin clearance in some experi- 
ments such as III in Cora (Table 1) or V in Dali 
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(Table IT). 
clearance tended to fall or varied to approximately 


In other experiments, however, the 


the same extent at both high and low values for 
urine flow and glucose excretion. It may be con- 
cluded therefore that glomerular function remained 
relatively constant throughout these studies and 
that the relationship between glucose loading and 
reabsorption was not greatly affected by fluctua- 
tions in filtration. 

The glucose transfer maximum was determined 
as frequently as possible in each animal at rela- 
tively high and constant plasma glucose concen- 
trations. To assure saturation of the reabsorptive 
mechanisms, values were taken for Tm in Cora 
and Dali only when the plasma concentration was 
400 mg per 100 ml or higher. Such levels were 
never attained in Elena, but the higher filtration 
rate/Tm ratio made it possible to accept values 
obtained at lower concentrations. All figures for 
plasma glucose in excess of 240 mg per 100 ml 
were accepted for Elena because it was found that 
the filtered load exceeded transfer by 10 per cent 
or more for all values when this criterion was ap- 
plied. A value for Tm computed from the two 
determinations made when the load was more than 
twice reabsorption (viz.: 173 mg/min) did not 
differ significantly from the accepted value (166.2 
blood concentration 
proved more difficult toassure. The circumstances 
varied somewhat in each animal. In Cora (Table 
[) a “discard” equilibrium period during which 
the blood level was allowed to stabilize preceded 


mg/min). Constancy of 


the last two collection periods in Experiment I, 
and the last period in Experiment II. A similar 
period of equilibration elapsed before the last pe- 
riod in Experiments II and V on Dali (Table II), 
the last two periods in Experiment I and the last 
period in Experiment III on Elena (Table III). 
Many of the other values included in the final 
computations of Tm were also obtained when 
plasma concentrations were changing relatively 
little (e.g., in Experiments III and IV on Cora, I 
and III on Dali, and II and IV on Elena; cf. Tables 
Ito III). As noted under Methods, the figures for 


plasma glucose used in calculating filtered load 
were obtained by interpolating 2.5 minutes before 
the midpoint of each period as an approximate 
correction for delay in the movement of filtered 


glucose from the glomeruli to the bladder. As a 
rule this procedure is entirely satisfactory, but 
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with rapidly changing levels, serious discrepancies 
could develop. On a rising plasma concentration 
curve, for example, the glucose output might be 
derived from filtrate formed at lower glucose levels 
than those used in the calculations of load if de- 
lay were longer than 2.5 minutes. As a result, 
the calculated values for reabsorption would be 
too high. With a rapidly falling concentration, 
the reverse would be true. There is no evidence 
in the data that this factor introduced a significant 
error in values for Tm, but some uncertainty must 
always prevail regarding determinations made dur- 
ing a “titration.” 

Evaluation of the relationship between glucose 
load and reabsorption over a full range of plasma 
concentrations was achieved in each animal. 
Great difficulty was experienced, however, in ob- 
taining adequate data between the so-called “glu- 
cose threshold” (the plasma concentration at 
which glucose excretion, UgV, Tables I to III, 
first occurred) and Tm levels. Some of these 
values, taken for the most part from rising curves, 
may be affected by a “delay” error which would 
operate to augment the departure (or splay) 
from the ideal relationship by yielding falsely low 
figures for transfer (T/Tm) for any load (load/ 


Tm). 


phase was quite narrow so that few intermediate 


In all three dogs, the critical transition 
points were obtainable. Nevertheless, splay was 
sufficiently characteristic in each to permit dif- 
ferentiation. In Cora, Tm was reached at load/ 
Tm ratios as low as 1.04; in Elena, 1.14; and in 
Dali, 1.18; i.e., values which indicated minimal 
relative departures from strict ideality of 4, 14, 
and 18 per cent, respectively. These unexpected 
differences among the dogs were both fortuitous 
and fortunate, since they made it possible to test 
more stringently structural-functional correlations, 
which will be dealt with at length below. 

Renal structural parameters. The renal weights 
were closely correlated with body weights in 
this small series. Thus, Dali weighed 54.8 per 
cent more than Elena and her kidneys weighed 
58.5 per cent more than Elena’s. Cora fell be- 
tween these extremes in conformity with her size. 
The ratios between renal mass (twice the weight 
of the left kidney) and body weight were 4.9, 4.4, 
and 4.8 g per kg body weight in Dali, Cora, and 
Elena, respectively. The dimensions of the neph- 
rons dissected from the left kidney obtained by 
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nephrectomy in each animal are presented in Ta glomeruli and the average length and volume of 
bles IV to VI and in Figures 1 and 2. These the proximal convoluted tubules exceeded the 
data indicate that dimensions of the average neph- average values of the same parameters in little 
ron also tended to vary with body size in show- Elena by 45, 66.5, and 38.5 per cent, respectively. 
ing a close correlation with renal weight in the The mean figure for glomerular surface in Cora 
three animals under study. In Dali, with the fell between those of Dali and Elena but with re- 


largest kidneys, the average surface area of the spect to the other measurements, Cora and Elena 


Table Iv 


Dimensions of Glomeruli and Proximal Convolutions of Isolated Nephrons- 





Dog Cora - Kidney Weight, 35.8 gm. 





Prox. Glon. Glon. Glon. 
Vol. Dian. Surf. Vol. 


mm” mn om” mm” 





0.07716 0 0.16466 0.006287 

-08712 +225 15896 -005963 

- 08205 +223 -15615 - 005806 

-09301 -264 -21884 - 009633 

-07104 »15755 .005884 

-07794 213195 -004510 

- 07728 213 14245 - 005059 

- 07490 -211 -13979 -004918 

- 06983 -13454 004644 

-07330 010615 - 005806 

-07496 211 eae 779 .004918 

-07624 212 14112 - 004989 

-07169 +200 12560 -004188 

06464 219 -1505¢ - 005499 

- 08188 217340 -006794 

- 08188 1 -13979 -004918 

- 08709 ; -20258 - 008580 

- 08232 -16900 - 006538 

-07316 -14922 005424 

- 06469 14649 - 005276 

- 07768 14514 - 005203 

- 06880 -12812 -004315 

-06614 -16180 -006124 

-07926 -14112 - 004989 

- 07586 -13979 .004918 

.07514 .254 - 20258 - 008580 

-06396 +213 14245 -005059 

- 06364 -204 -13067 - 0045 

- 06700 +207 213454 004644 

- 06634 «221 -15336 -005651 

- 06634 2219 -15059 .005499 

-065 - 06634 -203 -11939 - 004380 

- 064 -06333 -228 -16323 -006205 
- 067 06944 -224 ~15755 - 005884 
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-068 - 06461 -192 -11579 - 003706 

-066 -06017 2215 214514 - 005203 

066 -06017 +205 13195 - 004510 

-062 -05169 222 .15475 -005728 
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17.1 - 24.0 -05169 - .09301 .11579 - .21884  .003706 -.009633 .80 - 1.42 
20.98 07114 14977 0055 1.0026 
+1.880 +.0083 +.01995 +, 001122 +.1349 





“The values entered in each horizontal line relate to a single nephron isolated 
by microdissection from a kidney removed following completion of the studies 
summarized in the preceding tables. The length of the proximal convoluted 
tubule was measured from its beginning at the glomerulus to its termination 
at the point of transition into the thin limb of the loop of Henle. The site 
of the nephron in the cortex is indicated: outermost (h), mid-cortex (m), 

or innermost (1). Values for the diameter of the proximal convolution are 
averages of ten measurements made at equal intervals and volume was computed 
from length and diameter as for a cylinder. The diameter of the glomerulus 
was taken as the average of the longest and shortest diameters and surface 
area and volume, then calovated as for a sphere. The ratio between glomeruler 
surface and proximal volume (gs/pv) was computed for each nephron as an index 
of “glomerular activity" (r) and expressed in terms of the average r for the 
whole sample (r/R). 
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Table V 


Dimensions of Glomeruli and Proximal Convolutions of Isolated Nephrons” 





Dog Dali - Kidney Weight, 56.8 gm. 
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Table IV 


See Footnote, 


did not differ significantly. The tight correlation 
between nephron dimensions and renal mass in 
the three dogs is evident in the more or less 
equal values for ratios between mean glomerular 
surface and kidney weight (0.0016, 0.0018, and 
0.0017 mm? per g for Dali, Cora, and Elena, re- 
spectively), mean proximal length and kidney 
weight (0.269, 0.253, and 0.308 mm per g), and 
mean proximal volume and kidney weight (0.00088, 
0.00085, and 0.00084 mm* per g), computed in 
each instance for one kidney only. 

Graphic comparison (Figure 1) of the meas- 
urements of proximal length, proximal volumes 
and glomerular surfaces indicates not only that 
all were larger, but also, that all ranged more 


widely in Dali. In general, the data were uni- 
formly distributed about the means although prox- 
imal volume skewed toward the right in Elena. As 
in man (3), the length of the proximal convoluted 
tubules varied relatively less than any other di- 
mension, and averaged 30.5 + 4.82 mm in Dali, 
20.9 + 1.88 mm in Cora, and 22.0 + 2.34 mm in 
Elena. 
more variable than proximal length in the dog and 


Proximal volume appeared to be somewhat 


man, the coefficient of variation ranging from 11 
to 28 per cent for dog and from 9 to 16 per cent 
for man (3). The average proximal volumes in 
the dogs (0.100 + 0.028, 0.071 + 0.008, and 0.063 
+ 0.14 mm in Dali, Cora, and Elena, respectively ) 
were comparable with the average in man, 0.081 + 
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0.0196 (3). The glomerular dimensions, 
on the other hand, were much smaller in the dogs ; 
e.g., 0.178 + 0.027, 0.149 + 0.020, and 0.123 + 


0.026 mm* were the average glomerular surfaces 


min® 


in Dali, Cora, and Elena, respectively, as compared 
with 0.257 + 0.071 mm* in the human kidney. 
Glomerular volume in the dogs averaged 0.0072 + 
0.0016, 0.0055 + 0.0011, and 0.0041 + 0.0013 
mm* for the dogs in contrast to 0.0126 + 0.0052 
mm* for man. 

Correlation of measurements of glomerulus and 
proximal convoluted tubule from the same nephron 
in the samples obtained by microdissection from 
each canine kidney yielded results similar to those 
emerging from the earlier study of human kidneys 
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(3). 
correlated with proximal volumes than with proxi- 
This relation- 


The glomerular surfaces were more closely 


mal lengths of the attached tubule. 
ship was highly significant in Cora and Dali (p < 
0.001) and at the level of borderline significance 
in Elena (p< 0.05). Although every dimension 
exhibited a greater variation in Dali, the glomeru- 
lotubular structural correlation was much closer 
than in either of the other dogs. Both proximal 
tubular volume and length were significantly cor- 
related in Dali’s nephrons with glomerular surface 
and volume. Glomerular and proximal volumes 
were closely correlated in Cora but not in Elena. 
Proximal length failed to show any significant re- 
lationship with either of the glomerular measure- 
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TUBULES AND FOR THE SURFACE AREA OF THE GLOMERULI IN THREE DOGS. 
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FREQUENCY N)ISTRIBUTION CURVES OF VALUES FOR THE LENGTH AND VOLUME OF THE PROXIMAL CONVOLUTED 


The kidney weight (K.W.), means (M), and 


the number of nephrons measured (N) are given for each animal (Dali, Cora, Elena), arranged in order of size from 


above down, and the ranges (R), means and standard deviation (S.D.) are presented for each measurement. 
glomerular surfaces were computed as for a sphere, using the average of the longest and shortest diameters; 


The 


the 


proximal volumes, as for a cylinder, using the average of 10 diameters taken at regular intervals along the course of 


the tubule. 


ments in Cora and Elena. The relatively poor 
correlation between glomerular surface and proxi- 
mal volume in Elena was strikingly improved by 
omitting the six nephrons in which the ratios (r) 
between glomerular surface and proximal volume 
were excessively low (all 1.50 or less, + in Table 
VI). With this exclusion the glomerular surface 
was significantly correlated with the proximal vol- 
ume of the same tubule in Elena (r = 0.394, p < 
0.01). 

The character of these correlations between the 
glomerular surfaces and the volumes of their proxi- 
mal convoluted tubules (using all values) is evi- 
dent in the shapes of the ellipses, set out in Figure 
2, which have been drawn on the basis of the co- 
efficients of correlation, means and standard devi- 
ations, to include approximately 70 per cent of the 
measurements (2,9). The pooled data obtained 
in the study of three human kidneys (3) were em- 


ployed for the construction of a comparable el- 
The 


graphic presentation bears out the statistical de- 


lipse defining the same parameters in man. 


rivatives in showing overlap between the three 
dogs and a tighter correlation (evident in rela- 
tively flat ellipses) between surface and volume 
for Cora and Dali than for Elena. Evident also 
is the extent to which man and dog differ with re- 
spect to mean values and range of glomerular 
surface areas and the relatively good agreement 
with respect to proximal convoluted tubular vol- 
umes. Further analysis of the data from the hu- 
man kidneys in terms of each of the three individu- 
als concerned would also yield three separate but 
overlapping ellipses like those derived from the 
canine data. Data on function for the same kid- 
neys subjected to microdissection are unobtainable 
in man, however, and the pooled data must be 


used in computing structure and function. In both 
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Fic. 2. ELiipsrs 


CENT OF 


ENCLOSING 


THE DATA FOR GLOMERULAR SURFACE 


THE VOLUME OF ATTACHED PROXIMAL VOLUMES 


AND poG. The values for man were taken from Oliver 
and MacDowell (3), and include measurements made on 
samples of nephrons (total, 104) from three human kid- 
The data for each dog are handled separately. 


from the 


neys. 


The ellipses have been computed statistical 


parameters and the coefficient of correlation according to 
the method devised by Smith and co-workers (2); cor- 
Houck (9). Points for 


mean values are indicated at the center of each ellipse. 


rect equations are given by 


dog and man the external surface area of the glo- 
to be significantly correlated 
with the volume of the 


merulus appears 
attached proximal con- 
voluted tubule. Since other glomerulotubular 
measurements are not so closely correlated, the 
data appear to support the view that the functional 
balance between glomerulus and tubules can be 
expressed, in the first approximation, as the re- 
lationship between the glomerular surface and the 
proximal volume of each tubule. 

At the 


outset, the proposed equation of glomerular sur- 


Renal structural-functional correlation. 


face area and glomerular filtration, and of proxi- 
mal volume and glucose Tm may be tested for 
the kidney as a whole. The inulin clearance was 
found to vary proportionately with kidney weight 
(K.W.); it averaged 0.855 ml per minute per g 
K.W. in Dali, 0.76 in Cora and 0.925 in Elena. 


Glucose Tm, also, changed in the same direction 
as renal mass but to a somewhat greater extent so 
that the ratio between Tm and kidney weight in- 
creased from 2.32 mg per minute per g K.W. 
in Elena and 2.74 in Cora, to 3.25 in Dali. The 
relationship between the average volume of the 
proximal convoluted tubules and glucose Tm ex- 
hibited a similar phenomenon of rising values 


for Tm/pv ratio: Elena 2.77, Cora 3.25, and Dali 


3.70 g per minute per mm‘. Glomerular surface 
and filtration were more closely related, since inu- 
lin clearance/glomerular surface area ratios were 
546, 422, and 540 ml per minute per mm? in Dali, 
Cora, and Elena, respectively. 

It should be noted that all these ratios have been 
computed in terms of a single nephron, rather 
than the total nephron population. The latter 
would be preferable, but total counts of glomeruli 
were not made in these kidneys and the number of 
nephrons involved is not available. If the figure 
given by Smith (10) from the data of Kunkel 
(11) and Vimtrup (12)—13,500 glomeruli per 
g of canine kidney weight—is accepted and ap- 
plied, the (C,,/total glomerular surface ratios 
equaled 0.00035, 0.00037, 0.00055 ml 
minute per mm’, and the Tm/total proximal vol- 
ume ratios equaled 0.0023, 0.0028, and 0.0027 mg 


per minute per mm* for Dali, Cora, and Elena, 


and per 


respectively. Calculated on either basis, a gross 
correlation between structural dimension and func- 
tion is clearly apparent. A more exact comparison 
is made possible by accepting glomerular surface 
and proximal volume as structural equivalents of 
filtration and maximal glucose transfer. 

In this view, the rate of filtration in any glo- 
merulus may be taken as some function of the 
external surface of that glomerulus and expressed 
in terms of surface on the assumption that deter- 
that the Tme of Dali was as 
large as that of a man weighing three times as much, yet 
Dali’s 


man’s. 


2It has been noted above 


kidney weight was only one-half as great as 


These discrepancies disappear when tota 
153,360 cu 


proxi 
mal volume in the two cases is compared: 


mm in Dali, and 172,883 cu mm in man. This observa 


tion indicates again (13) that gross kidney weight can 


not be considered a proper correlate for many renal 


functions, since the latter, as in the present case of glu 
cose reabsorption, may depend upon only certain por- 
tions (proximal convolutions) of the total nephrons, and 
within the 


these portions may be specifically variable 


totality of the “kidney.” 
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mining factors other than surface remain relatively 
constant throughout the kidney. Under these cir- 
cumstances the percentage contribution of a single 
glomerulus to total filtration is equal to the per- 
centage contribution of its surface area to the total 
glomerular surface area in the kidney. Since the 
sample of glomeruli measured may be taken to be 
a random sample, the summed glomerular surface 
of the sample (GS) may be accepted as representa- 


tive of the entire kidney and 


Cin Cin §s GS. [1] 


Similarly, 

tm/Tm = pv/PV [2] 
where cj, is the filtration rate (nephron inulin 
clearance) in a single glomerulus (or category of 
om total 
clearance ; gs, the external surface area of the glo- 


glomeruli) ; filtration rate or inulin 
merulus; and GS, the summed glomerular sur- 
face area of all the glomeruli measured, and where 
tm is the maximal glucose reabsorption rate of a 
single proximal tubule (or category of tubules) ; 
Tm, the over-all glucose Tm; pv, the volume of 
the proximal tubule, and PV, the summed proxi- 
mal volumes in the sample. The glomerular ac- 


tivity for a single nephron (r= c;,/tm, where 
Cin, and tm are functions of the same nephron) may 
then be expressed in terms of total activity (R= 


Cy,/Tme) 


PV 


Cin/tm Cs. / Cy 

Cin/Tm tm/Tm pv 
provided gs and pv are measurements from a single 
nephron. 

With this expression of structural-functional 
equivalence it is possible to derive the relationship 
between the filtered load of glucose and tubular 
reabsorption (the “titration curve”) that would 
stem from any given nephron population and to 
compare the figures obtained by direct studies of 
function with those derived from dimensions. In 
constructing the theoretical titration curve, values 
for load/Tm ratios are computed arbitrarily at 
equal intervals (0.1) over a range of glomerular 
activities limited by the highest and lowest r/R 
ratios for the given sample of nephrons (e.g., 0.80 
to 1.42 for Cora, 0.71 to 1.58 for Dali, and 0.47 to 
1.54 for 
which the transfer system in any tubule is saturated 


Klena). Since the load of glucose at 
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and transfer rate reaches its maximum is just equal 
to tm, 
Pg X Cin 


tm 1/Peg 


tm, 


where Pg is the plasma glucose concentration at 


which the transfer system is just saturated, or 


1/Pg 1 1 
C),/Tm PgC,,/Tm load/Tm 
Thus the reciprocal of r/R for any nephron is 
equivalent to the value of the filtered load (load 
Tm ratio) at which its transfer maximum is just 
reached. In practice, these values were computed 
at the midpoint of each class of measured nephrons, 
at intervals of 0.1 (e.g., for Cora the class intervals 
ran from 0.70 to 0.799. 0.80 to 0.899, and so on, 
ratios computed at 0.75, 0.85, 


with load/Tm 


For each value of load/Tm, the corresponding 
value for T/Tm that 
may then be computed from the values for pv/PV. 
At any load/Tm below that at which all tubules 


defines the titration curve 


are saturated, the total quantity of glucose reab 
sorbed each minute is a sum of 7) the amount re- 
moved by all the tubules saturated at that load 
(Stm) and 2) the amount removed by the as yet 
unsaturated units (St). Thus, at any load, 


T/Tm o> Cm. ] 


> tm+> t 
The slope of the titration curve at each point (AT 

Aload) is equal to the relative filtration rate (Cin 

C;,) in the unsaturated units in which all the 
glucose filtered is reabsorbed, because any change 
in reabsorption at that point can take place only 
in the unsaturated nephrons and because the 
change in reabsorption must be equal to a change 
in load. Thus 


and 


and, multiplying by Cy,/Cr, to express the result 
in terms of the load, 


‘ AT ae 
Pel lr x ~ aaa 13 
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Fic. 3. RELATIONSHIP BETWEEN THE TUBULAR REABSORPTION OF GLUCOSE (T/TM) AND THE 
FILTERED GLUCOSE LOAD (LOAD/TM) IN Cora. The data obtained in the course of several stud- 
ies of glucose transfer (Table I) are plotted here (open circles) in relation to relationship ex- 
pected (straight lines) if the transfer maximal (Tm) glucose reabsorption were reached in all 
nephrons at the same load. The curves indicate the relationships expected on the basis of the 
measurements of glomerular surface area (gs) and volume of the attached proximal convoluted 
tubule (pv). Both values are expressed in terms of the total surface area (GS) and proximal 
volume (PV), respectively. The ratio gs/pv, also expressed in terms of the total (gs/pv) 
(GS/PV), is taken as equivalent to the glomerular activity (r, or the filtration rate in the 
glomerulus relative to the maximal glucose reabsorptive capacity for its attached proximal tu- 
bule—cin/tm) and (gs/pv)/(GS/PV) as equivalent to r/R or cin/tm/Cin/Tm. The percen 
tage contribution of each category of summed proximal volumes to the total (pv/PV) is taken 
as equivalent to tm/Tm. The distribution of glomerular activity (derived from the anatomical 
dimensions) among the nephron population (using py/PV as measure of frequency) is plotted 
in the inset for the actual measurements (closed triangles) and the data for all possible values 
of glomerular activity (gs/pv) by using the measurements for gs and pv (closed circles, ran- 
domized). The glucose titration curves derived from these values are drawn above for com- 
parison with the physiological data. It may be seen that the reabsorption per unit load fell 
between the relationships predicted for the ideal and the anatomical measurements 


Substituting, Equation 7 then becomes: The sum of proximal volumes in each class, de- 
fined by r/R intervals, is thus added cumulatively 
to reach a total Spv/PV value of 1.0 at r/R cor- 


At load AT/Tm 
~ Tm Tm * Aload/Tm’ ‘ . ; 
responding to saturation of all nephrons or final 
Equation 14 can now be derived from pv/PV Tm. In developing the titration curve from 
— Equations 14 and 15, the first point is taken at 
ni = ae [15] the value of r/R or load/Tm midpoint just below 
the lowest class of r/R represented in the sample. 
where Xpv is the sum of the proximal volumes in At this point, load/Tm and T/Tm are equal. 


all nephrons whose transfer systems are saturated, The next value for T/Tm can be derived by solu- 
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tion of [Equations 14 and 15 as follows: 


> pv 
PV 


= ae load, 


Tm 


Tm 
(T2 eae Ty)/ Tm 
(load, — load,)/Tm 


[16] 


or (omitting Tm for simplicity of presentation, 
letting L stand for load/Tm ratio and T stand 
for T/Tm ratio) : 


_ TA14+L1/(L2 — Ly] — ¥ pv/PV 


- 
‘ L; (Le—L) 


[17] 


The value for T, thus computed becomes T, and 
L. becomes L, in analysis of the next higher in- 
terval. The full curve is built up for successively 
higher values of Spv/PV, as the proximal volumes 
in each class accumulate in the total up to PV (or 
Tm). 

In Figures 3 to 5, the data for T/Tm and load/ 
The ideal rela- 
tionship—i.e., if all the filtered glucose were reab- 
sorbed up to Tm—is plotted in each figure as the 
straight line extending from the origin to the 


Tm are plotted for each animal. 
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point at which both T/Tm and load/Tm are equal 
1.0. 


from the sample of nephrons obtained from each 


to In addition, the titration curve derived 
animal (“anatomical curve’) is plotted as the 
curved unbroken line connecting closed triangles 
which arcs between the rising straight line of com- 
plete reabsorption and the Tm level. In each in- 
stance, the functional data tend to fall between the 
ideal and the anatomical curves, and in each in- 
stance the points tend to fall about Tm at values 
for load/Tm less than that at which the anatomical 
curve reaches Tm. When the nephrons with the 
lowest values of r/R for Elena (forming tlie peak 
to the left in the frequency distribution of r/R, 
Figure 5) are omitted from PV, a new anatomical 
curve could be derived (the curve connecting 
closed squares lying nearest the ideal, Figure 5) 
with which the functional data were found to con- 
form closely. In general, then, predicted func- 
tional relationships agreed fairly well with those 
observed directly. 

A frequency distribution curve has been set up 
for each population and presented in the figures 


Doli 
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Fic. 4. RELATIONSHIP BETWEEN THE TUBULAR REABSORPTION OF GLUCOSE (T/TM) AND THE 
FILTERED LOAD OF GLUCOSE (LOAD/TM) IN Datt. See legend, Figure 3. The data are more 
widely scattered but indicate saturation of the transfer system at loads equivalent to or even less 
than those predicted from the anatomical data. 
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FILTERED LOAD OF GLUCOSE (LOAD/TM) 
little 
with the obse 


nsions in contormity 


borderline significance. 
dimensions after exclusion of the 


distribution curves and that were characterized 


The 


ratios, and 


with the data on glucose titration. structural 
R 


quency is defined in terms of the percentage of the 


figures are summarized at r fre- 


total summed proximal volumes found in each 
A be- 


tween the points obtained by difference for each 


r/R category. smoothed curve is drawn 


successive solution of Equation 17. 


animals differed lely 


As expected, 
y—from the broad flat 
three-peaked plot for Elena to the narrow double- 


humped Cora—the 


the wit 
anatomical 
the 


distribution for 
curves reflecting in their deviation from ideal 
spread in distribution. 

To determine the extent to which an uncorre- 
lated distribution of glomeruli and tubules would 
1 
i 


affect glucose titration, the data were randomized 


o 
Ss 


by computin 
| 


all the r/R ratios possible for each 
served glomerular surface with the entire popu- 
The 


sulting population for each dog was then cate- 


lation of observed proximal volumes. re- 


gorized in terms of r/R classes. The total pv in 


1 
each class was computed and expressed as a per- 
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difference between derived glucose titrati 


The physiological data fall about 


six measurements that account f 


REABSORPTION OF GLUCOSE (T/TM) AND THI 


Figure 3. 
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A  2ee legend, There is relatively 


ym curves from observed and randomized 


rvation of a correlation between gs and pv of 


a curve derived the observed 


the 


glomerular 


Irom 
peak on the le ft of the 
] 


1 
(closed 


Tr 


by low values for activity 


EY). 


tribution curves thus obtained have been plotted 


centage of the total (Xpv The random dis- 


in each of the figures. In Figure 3 (Cora) a single 
peaked and somewhat broader pattern results; 
an even greater discrepancy is evident in Figure 
4 (Dali), but in Figure 5 (Elena) the major 
change has been elimination of the peaks and a 
The 


titration curves derived from the randomized data 


somewhat more marked skewing to the right. 
(closed circles) differ similarly. The random and 
Figure 3 
al 


though it is significant, is minimized by the modest 


observed curves lie close together in 
(Cora) because the difference between them, 
departure of the observed data from the hypo- 
thetical relationship. A much greater difference is 
clearly evident for Dali (Figure 4) whereas the 


two lines are practically superimposable in Figure 


5 (Iclena). The functional data from the study of 
Cora clearly tend to fall within the area bounded 
by the ideal and anatomical curves ; from the study 
of 


Dali, about both the anatomical and random 
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curves; and from Elena, much closer to the ideal 


and about a theoretical curve derived from the 
anatomical data after exclusion of the nephrons 


with very low activity ratios. 


DISCUSSION 


The results of this study indicate that in the dog, 
as in man (3), glomerular surface area is signifi- 
cantly correlated with the volume of the proximal 
convoluted tubule. In view of the physiological 
evidence (2) this correlation can be interpreted 
as the structural manifestation of ‘“glomerulotu- 
bular balance.” Hence, glomerular surface and 
proximal volume may be accepted as reasonable 
structural equivalents of glomerular filtration rate 
and maximal tubular reabsorption of glucose, re- 
spectively. On this basis it has been possible to 
compare data on function obtained in the intact 
dog with derivative values of “function” from 
measurements of nephrons dissected from a kid- 
ney of the same animal removed on completion of 
the physiological studies. Glucose titration curves 
so derived closely followed the data obtained previ- 
The 
tendency for all of the tubules to reach transfer 


ously on glucose reabsorption and loading. 


saturation at approximately the same plasma glu- 
cose concentration may be attributed in part to a 
structural proportionality between the glomerulus 
and the proximal convoluted tubule of each neph- 
ron that tends to minimize populational hetero- 
geneity. Analysis of the data indicates that this 
structural balance between glomeruli and proxi- 
mal convolutions is not the only, or even neces- 
sarily the most important, factor concerned in the 
observed correlation of the structural and func- 
tional findings. Even when one proceeds on the 
assumption that no functionally significant rela- 
tionship exists between the two dimensions, and 
the structural data are “randomized” by com- 
puting the spread in all possible surface/volume 
ratios within each sample of nephrons, the derived 
titration curves do not differ greatly from those 
calculated from the actual related structural val- 
ues. Thus, it is evident that functional hetero- 
geneity is limited to some extent also by a rela- 
tive lack of structural variety, at least so far as 
glomeruli and proximal convolutions are con- 
cerned. 

Certainly, the structural-functional equivalents 
employed are not strictly valid as a complete 
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description of the physiological processes con- 
cerned; in the present state of our knowledge, as 
sumptions must be made. In the case of filtration, 
the details of the passage through a series of capil- 
lary, basement and epithelial membranes are at 
present unknown. A precise measurement of the 
surface area involved in filtration is impossible. 
The external surface of the tuft across which fil- 
tration must eventually occur is not easily sub- 
jected to direct measurement, since foldings and 
other irregular features result in a much larger 
potential surface than that which would be pro- 
vided by a perfect spherical or globular structure. 
At best, 
surface of the filtration barriers may be made on 


therefore, only a rough estimate of the 


the assumption that the glomerulus is a sphere. 


Measurement of the dimension of the proximal 


convoluted tubule is less difficult. The volume of 
the proximal convolution (exclusive of its lumen) 
may be equated with glucose Tm on the assump- 
tion that maximal reabsorption is a function of 
cell mass. The search for other structural cor- 
relations between glomeruli and the attached tu- 
bules was unrewarding. Neither glomerular sur- 
face nor volume was significantly correlated with 
proximal tubular length. The proximal volume 
failed to show a correlation with glomerular vol- 
ume. Other dimensions of theoretical values, 
such as the internal surfaces of the tubules and 
the total glomerular capillary surfaces, were not 
accessible to measurement. 

In addition to the uniformity resulting from the 
structural correlation between glomeruli and proxi- 
mal convolutions or from a relatively restricted di- 
mensional variability, a third factor of functional 
adaptation must be taken into account. In Elena, 
the data obtained in the study of function showed 
much less splay than the curves derived from 
the The 


agreement obtained by omission of a small frac- 


anatomical measurements. excellent 


tion of “relatively inactive” (i.e., low gs/pv ra- 
tios) nephrons may indicate that the large proxi- 
mal volumes in nephrons of this category possess 
relatively less intracellular substance devoted to 
glucose transfer (or more nonactive material such 
as fat, glycogen or protein), that the relatively 
small glomeruli present a large filtering surface 
not included in surface measurements, or both. 
If so, determination of the appropriate structural- 
functional equivalents would resolve the difficulty. 
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On the other hand it is possible that physiologi- 
cal adjustments not readily susceptible to struc- 
tural expression may be involved. A relatively 
high filtration pressure as a result of a lower affer- 
ent arteriolar resistance could easily result in a 
higher filtration rate per unit surface area. Or in- 
terference with glucose transportation—as, for ex- 
ample, by phlorhizin—could increase the ratio 
between filtration and tubular transfer maximum. 
To what extent these factors may operate remains 
uncertain, but it appears likely that heterogeneity 
would be as often enhanced by them as minimized. 
Moreover, as noted above, the necessary assump- 
tions in this work, viz.: 1) that glomerular filtra- 
tion pressure is everywhere the same, and 2) that 
cellular mass bears some constant relationship to 
cellular metabolic function, seem warranted on the 
evidence. 

In all three dogs the population of glomeruli 
and proximal tubules appeared to be distributed 
randomly throughout the cortex with respect to 
size. This observation implies that in every 
nephron at any level in the cortex, from the cap- 
sule to the medulla, the distal portion of the tu- 
bule receives, on the average, residual filtrate in 
the same volume and with the same composition. 
Any differences in composition of urine entering 
the collecting ducts from different nephrons may 
be ascribed, therefore, to the marked anatomical 
heterogeneity of the loops of Henle and the distal 
convoluted tubules rather than to heterogeneity 
of the glomeruli and proximal tubules. 


SUMMARY 


Correlation of the structure and the function of 
the glomeruli and their attached proximal convo- 
luted tubules has been investigated in three nor- 
mal female dogs. The activity of the glomeruli in 
providing by filtration a load of glucose for reab- 
sorption by the proximal convoluted tubules was 
evaluated in each animal over a wide range of ar- 
terial glucose concentrations. The “glucose titra- 
tion curve” (or the relationship between tubular 
reabsorption and filtered load) so obtained is de- 
termined by the distribution of glomerular ac- 
tivity (the filtration rate of a glomerulus rela- 
tive to the maximal rate of glucose reabsorption 
of which its proximal convoluted tubule is capable) 
in the nephron population. When sufficient func- 
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tional data had been obtained, one kidney was re 
moved from each dog and a sample of from 45 to 
The 


values for glomerular surface (calculated as for a 


47 nephrons obtained by microdissection. 


sphere from the average of the greatest and least 
diameters) and for the volume of the attached 
proximal convoluted tubule (calculated as for a 
cylinder using the length and the average of 10 
diameters measured at regular intervals) were 
more closely correlated (p < 0.001 in two dogs, 
Cora and Dali, and p < 0.05 in one, Elena) than 
any of the other glomerulotubular dimensions. 
Taking glomerular surface (gs) as a “‘structural 
equivalent” of filtration, and proximal volume (pv) 
as that of the maximal glucose reabsorptive ca- 
pacity of the attached proximal convolutions, the 
glomerular activity for each nephron could be com- 
puted in anatomical terms as gs/pv. “Glucose 
titration curves” derived from the anatomical data 
closely fitted the functional data in Cora and Dali 
and, if allowance were made for a small number of 
The 
agreement between the data appears to be con- 
sistent with the validity of the basic assumptions 
that glomerular filtration rate is determined by 
the area of the external surface of the capillary 


very “inactive” nephrons, also in Elena. 


tuft and that maximal glucose reabsorptive ca- 
pacity depends upon the mass of proximal con- 
voluted tubular cells. The findings also indicate 
that the tendency for the reabsorptive mechanism 
in all nephrons to be saturated at approximately 
the same plasma glucose concentration, with mini- 


mal “splay” in the titration curve, can be ascribed 


in part, as previously predicted by Smith and co- 
workers (2), to a structural balance between glo- 


meruli and tubules. Splay is also minimized, 
however, by a central tendency of the anatomical 
data that is expressed as a relatively small coeffi- 


cient of variation. 
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The concept that structural analogs of thyroxine 
might antagonize the peripheral action of this 
CUP 


Subsequently, a large number of analogs has been 


hormone was first advanced by Woolley 


examined for thyroxine antagonism. Assay meth- 


ods have involved amphibian metamorphosis, 
goiter prevention, and oxygen consumption tech- 
The results of these studies were reviewed 


niques. 


} 


by Selenkow and Asper (2 


S 

It has been proposed that thyroxine has no 
physiological activity except as a precursor of the 
peripherally active form of the thyroid hormone 
(3). The initial step in this “activation” may be 
the enzymatic monodeiodination of thyroxine to 
3,5,3’-triiodo-L-thyronine. The evidence for this 
concept was summarized recently (4). This re- 
action has been observed in vitro in rat kidney 
slices, where it was found that the enzymatic ac- 
tivity varied with the state of thyroid activity, be- 


1 


ing decreased in hypothyroid and increased in hy- 


perthyroid animals (5). This im vitro system, 
therefore, permits a direct approach to the study 
of thyroxine antagonists. The following experi- 
ments were undertaken to test the possibility that 
structural analogs will compete for the deiodination 
of thyroxine, and to determine the structural re- 
quirements for this inhibitory activity. 


METHODS 


White male 


180 to 


rats of the Sprague-Dawley strain, weigh- 


° 
Hyperthyroidsm 


250 g 


, were used throughout. 


was induced by feeding a Rockland rat ration containing 
/ per cent desiccated thyroid for a period of 2 weeks. 


he desiccated tl y roid was withheld for 24 to 48 hours 
prior to sacrifice. 
I removed under ether anesthesia, 


Che kidneys were 


* This work was supported in part by the*Research 
Committee of the Graduate School from funds supplied 
by the Wisconsin Alumni Research Foundation, and by a 
grant from Smith, Kline and French Laboratories. Pre- 

d in part November 5, 1960, at the Annual Meetine 


Central Sox iety for Clinical Research, Chicago, 


cooled to 4° C by immersion in chilled Ringer’s solution, 
sliced with a Stadie-Riggs apparatus, weighed, and in- 
cubated at 37° C in Krebs-Ringer phosphate solution in 
the presence of the appropriate amount of I-labeled thy 
flask to 
added served as a control for each experiment. The 


Table I. 


per cent propylene glycol in water. 


roxine and analog. A which no analog was 
ana- 
logs used are listed in All were dissolved in 50 
The purity of the 
labeled thyroxine was checked each day by chromatog- 


Warburg 
loss of the 


raphy. Siliconized vessels were used in the 


incubation to prevent iodine and iodinated 


thyronine compounds through adsorption on the surface 


end of 


removed, 
The 
homogenate was extracted with 30 vol of n-butyl alcohol 
Che was concentrated in vacuo to 2 ml 

100 ul aliquot chromatographed in descent using a tert- 
amyl alcohol-2 N NH,OH solvent system (6). A 100 ul 
aliquot of the incubation media was also chromatographed 


of tl e glass. 
At the incubation the slices were 
>? 


rinsed and homogenized in 2 ml of distilled water 


extract and a 


in descent using a 20 per cent propionic acid in tert-amyl 
alcohol This 


widely separates iodide from the thyronine compounds. 


solvent system as the developer. system 
In each system, colorimetrically identifiable quantities of 


known reaction products were added as marker com- 


pounds just prior to chromatography. The position of 
the thyronine compounds was determined with a 4-amino 
Iodide 
cated on the chromatograph strip by the use of a starch 
located 


antipyrine reagent as seen in Figure 1. was lo- 


reagent; radioactivity with a chro 


The 
planimetry of the 


iodate was 


matogram scanner. amount of labeled compound 


was determined by area under the 
curve. 

In the calculation of the quantity of triiodothyronine 
derived from the labeled substrate it was assumed that 
thyroxine was randomly labeled at the 3’ and 5’ positions. 
It follows that only one-half of the triiodothyronine de- 
rived from thyroxine would be labeled. The quantity of 
labeled thyroxine originally present would be the sum of 
the thyroxine activity remaining and twice the activity 
present as triiodothyronine. The percentage of triiodo- 
thyronine derived from thyroxine originally present was 


therefore calculated as follows: 
IT 
x 100 
273 + T, 
where 7 measured radioactivity as triiodothyronine at 
the conclusion of the incubation and 7, = measured radio 
activity remaining as thyroxine at the conclusion of the 
period of incubation. 
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rABLE I 


Inhibition of -thyroxine monodeiodination by thyroxine 
analogs * 
Per cent inhibition with 
increasing molar con 
Analogs centrations 


3,5,3’,5’-Tetraiodothyropropionic 


acid 
3,3’,5’-Triiodo-pL-thyronine 
p-thyroxine 
O-methyl-bDL-thyroxine 
5,3’-Triiodo-L-thyronine 
5- Diiodo-DL-tyrosine 
a-Methyl thyroxamine 0 


2 
’, 
2 

, 


*The analogs were kindly furnished by the following 
investigators: 3,5,3’,5’-tetraiodothyropropionic acid and 
3,5,3’-triiodo-L-thyronine by Dr. Arthur Heming (Smith, 
Kline and French); 3,3’,5’-triiodo-pL-thyronine by Dr. 
Robert Kroc (Warner-Chilcott); D-thyroxine by Dr. 
Leonard Ginger (Travenol); O-methyl-pL-thyroxine by 
Dr. H. A. Lardy (Institute for Enzyme Research, Univ. 
of Wisconsin); a-methyl thyroxamine by Dr. W. Brady and 
Dr. H. A. Lardy (unpublished observations; Institute for 
Enzyme Research, Univ. of Wisconsin). Purity of the 
analogs was checked by chromatography. 


The per cent inhibition by the analog was calculated 


as follows: 


inhibition in % = 100— [(A/B) xX 100] 


where A = per cent yield of triiodothyronine in the pres- 


ence of inhibitor, and B=per cent yield of triiodothyro- 


nine in the absence of inhibitor. 
RESULTS 


Establishment of conditions optimal for inhibi- 


tor studies. In previous experiments with the 


L-THYROXINE MONODEIODINATION 


a 107 M 


Since the ratio 


thyroxine monodeiodinating system, 
thy roxine concentration was used. 
of substrate to enzyme concentration is of primary 
importance in inhibitor experiments, preliminary 
studies were undertaken to determine whether this 
concentration was suitable. In the first experi- 
ments, the labeled thyroxine was held constant at 
10°* M concentration and the weight of the tissue 
varied. The change in yield of triiodothyronine 
with respect to the weight of the tissue is plotted 

) 


in Figure 2. No appreciable increase occurred be- 


yond 100 mg of tissue. Using 100 mg of tissue, the 
substrate was varied from 10°'° to 10°* M concen 
tration by the progressive addition of nonradio- 
active thyroxine to a constant amount of radio- 
active thyroxine. As seen in Figure 3, at substrate 
concentrations less than 10°* M, no appreciable in- 
crease in yield occurred, due presumably to the 
nonspecific binding of thyroxine to proteins which 
rendered it inaccessible to the deiodinating enzyme. 
At molar concentrations higher than 10%, the yield 
of triiodothyronine fell sharply as the capacity of 
the enzyme was exceeded. In subsequent experi 
ments, 10° M concentration of substrate and 100 
mg of tissue were used. The yield of triiodothyro- 
nine during a 6 hour period is plotted in Figure 4. 
A 4 hour incubation period was used in the inhibi- 
tor experiments largely for convenience. 
Inhibitor study. 


experiment are shown in Figure 5. 


Results of a representative 


In this ex- 
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RADIOCHROMATOGRAM FROM RAT KIDNEY SLICE EXPERIMENT SHOWING MONODEIODINA- 


Fic. 1. 
TION OF L-THYROXINE TO TRIIODOTHYRONINE. 
compounds : 
= triiodothyroacetic acid. 


O = origin of chromatogram. 
T, = thyroxine; TET =tetraiodothyroacetic acid; T 


TET Tq O 


Position of marker 


TRIAC 


triiodothyronine ; 


Solvent front not shown. 
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periment the effect of 3,3’,5’-triiodo-pL-thyronine 
in 10° M concentration upon thyroxine mono- 
deiodination is observed. The chromatogram of 
the tissue incubated in the absence of inhibitor 
shows a peak of radioactivity corresponding to the 
L-thyroxine substrate and a second corresponding 
to the reaction product 3,5,3’-triiodo-L-thyronine. 
The chromatogram of the medium from the con- 
trol flask shows three peaks; the first and largest 
is iodide. Two peaks of radioactivity ran close to 
the front. These were eluted and rechromato- 
graphed in the tert-amyl aleohol-2 N NH,OH sys- 
The first of these proved to be a mixture of 
The 
which ran with the front produced several peaks 


tem. 
thyroxine and_ triiodothyronine. material 
on rechromatography. Only two could be identi- 
fied, one of which was thyroxine and the other, 
present in relatively small quantities, was tetraio- 
dothyroacetic acid. 

The chromatogram of the tissue incubated in 
the presence of the inhibitor shows a larger thy- 
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Fic. 4. CHANGE IN YIELD OF TRIIODOTHYRONINE WITH 


DURATION OF INCUBATION, 

roxine peak than in the control, while the triiodo- 
thyronine peak is smaller. In addition, a small 
peak corresponding to tetraiodothyroacetic acid 
appeared. The chromatograph of the medium in 
this instance shows a smaller iodide peak than in 
the control and somewhat more radioactivity at 
the front-running peaks. Rechromatography of 
the first of these two peaks revealed it to consist 
primarily of thyroxine. The material at the front 
contained again a number of unidentified com- 
pounds but a comparatively large amount of tetra- 
iodothyroacetic acid. 

Inhibition of thyroxine monodeiodination by 
the various analogs tested is given in Table I. 
Each value represents a mean of at least five ex- 
periments. Ata concentration 10 times the molar 
equivalent of thyroxine present, all of the analogs 
induced significant inhibition with the exception 
of a-methyl thyroxamine and diiodotyrosine. At 
the remaining concentrations varying degrees of 
inhibition were observed. The order of effective- 
ness of the analogs was consistent from one con- 
centration to the other. Tetraiodothyropropionic 
acid and 3,3’,5’-triiodo-pL-thyronine were most ef- 
fective, followed by p-thyroxine and O-methyl-pr- 
thyroxine. Alpha-methyl thyroxamine and diiodo- 
tyrosine were essentially inactive as inhibitors. 

With high degrees of inhibition a third peak of 
radioactivity appeared in the chromatograms of 
the tissue, having an Rf value corresponding with 
tetraiodothyroacetic acid, as illustrated in Figure 
6. The identity of this substance was confirmed 
by elution and co-crystallization to a constant 
specific activity with authentic tetraiodothyro- 


acetic acid (Table IT). 
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Fic. RADIOCHROMATOGRAMS OF A REPRESENTATIVE INHIBITOR EXPERIMENT SHOWING EFFECT 


m4 

oF 3,3’,5'-TRIIODO-DL-TH YRONINE IN 10° M CONCENTRATION ON L-THYROXINE MONODEIODINATION. 
Position of marker compounds: T, = thyroxine; TET = tetraiodothyroacetic acid; T; = 3,5,3’- 
triiodo-L-thyronine; I= iodide. Origin of chromatogram at right, front at left. 


Structural analogs which antagonize the action 
of thyroxine can be expected to act through com- 
petitive inhibition; i.e, by competing with the 
natural substrate for the active groups on the en- 
zyme. The activity of a competitive inhibitor, 
therefore, depends upon the relative concentration 
of the substrate and inhibitor, rather than on the 
inhibitor concentration alone, as in the case of a 
noncompetitive inhibitor. The nature of the in- 
hibition was examined by increasing the amount 
of labeled substrate in the presence of a constant 
amount of inhibitor (7), in this case 3,3’,5’-triiodo- 


os 
* a 
thee 
« & TABLE II 
TE T O Co-crystallization of reaction product with authentic 
4 tetraiodothyroacetic acid* 
Fic. 6. RAbDIOCHROMATOGRAM OF TISSUE FROM INHIBI- 
TOR EXPERIMENT SHOWING EFFECT OF 3,3',5'-TRIIODO-DL- 
YHYRONINE IN 10° M CONCENTRATION ON L-THYROXINE Original mixture 28.410 


MONODEIODINATION. Note reduced yield of 3,5,3’-triiodo- Crystallization 16,900 
Crystallization 15,500 


: : : 7 a Crystallization ; 16,050 
responding to tetraiodothyroacetic acid (compare Fig. 1). Covstalteation 14.400 


cpm/mg 


L-thyronine and appearance of peak of radioactivity cor- 


(= origin of chromatogram. Front not shown.  Posi- 
tion of marker compounds : T, = thyroxine; TET = tetra- * Kindly performed by Dr. K. Tomita, Institute for En- 
iodothyroacetic acid; T, = 3,5,3’-triiodo-L-thyronine. zyme Research, Univ. of Wisconsin. 
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of chromatogram at right, front not shown 
TET 


3,5,3’-triiodo-L-thyronine. 


tetra- 
Mo- 


thyroxine and inhibitor used are 


marker compounds: T, = thyroxine; 
hyroacetic acid; T 

lar concentration of 
wn opposite each radioactivity record. 

The results are given in Figure 7. 


labele« 


L-thyroxine to triiodothyronine in the absence o 


pL-thyronine. 
| conversion of 


Figure 7A illustrates the 


1 
f 


an inhibitor. In B, C, and D the inhibitor con- 
centration was kept constant while the substrate 
It will be noted that 


there is a reappearance of triiodothyronine with 


concentration was increased, 


the highest concentration of the substrate, con- 
firming the competitive nature of this inhibition. 
The appearance of a relatively large quantity of 
tetraiodcthyroacetic acid when the substrate con- 
centration reached 10° M (Figure 7D) suggests 
that when the capacity of the monodeiodinating en- 
zyme is exceeded, an alternative pathway for sub- 
strate metabolism exists via deamination and de- 
carboxylation. Similar results have been obtained 
when the concentration of substrate exceeds 10 ° 


M in the absence of an inhibitor. 
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ALBRIGHT 
DISCUSSION 


The analogs selected for study permit an analy- 
sis of the structural requirements for thyroxine 
antagonism, The diphenyl ether configuration 
seems essential in an inhibitor, since diiodotyrosine 
did not significantly inhibit the reaction. Particu- 
lar attention was given to the three reactive groups 
of the thyroxine molecule, since these are the 
most likely sites of binding between the enzyme 
and the substrate. That the spatial relationship 
of the carboxyl and amino groups is important 
when both are present is evident from the failure 
of p-thyroxine to compete on a mole-to-mole 
basis with L-thyroxine. Of these two groups only 
the carboxyl group appears to participate actively 
in the binding, since tetraiodothyropropionic acid 
is the most effective inhibitor examined and 
a-methyl thyroxamine is almost without inhibitory 
effect. The “involvement” of the amino group 
that of 


when present in the p-isomer. 


steric hindrance 


Methylation of the 


may be passive—t.e., 
4’-hydroxyl group reduced the inhibitory effect, 
indicating that this group also participates in the 
binding. It is likely that the binding strength con- 
tributed by this phenolic group would relate di- 
rectly to the extent of its dissociation. The pres- 
ence of iodine atoms ortho to this group influences 
this dissociation. The pK of the phenolic group 
of 3,5,3’-triiodothyronine is approximately 9.2 
whereas that for thyroxine is about 6.5 (8). 
Thus, at a physiological pH, this group is vir- 
tually undissociated in the compounds with only 
one iodine atom ortho to the phenolic group and 
is nearly completely dissociated in analogs with 


iodine atoms in both ortho positions. From this 


it may be predicted that 3,5,3’-triiodothyronine 
would be a less effective inhibitor than 3,3’,5’-tri- 
iodothyronine, which in fact proved to be the 
case (Table I). 

From the above evidence it can be concluded 
that all three reactive groups are “involved”’ in 
the binding of thyroxine to the deiodinating en- 
zyme. It is probable that the position of these 
groups is critical, A competing thyronine ana- 
log should, therefore, present these same reactive 
groups in the same relative position as in thyrox- 
ine. It must also, in order to be physiologically 
antagonistic, possess no thyromimetic activity it- 


, 


self. Of all the analogs tested 3,3’,5’-triiodo-L-thy- 
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ronine best fits these requirements.t This ana- 
log is identical with thyroxine except for the ab- 
sence of one of the two iodine atoms in the “A” 
ring of the thyronine nucleus. Recent tests have 
indicated that it is physiologically inactive (9). 
The presence of two iodine atoms (or other elec- 
tronegative groups) in the 3,5 positions of thyro- 
nine was suggested as requisite to physiological 
activity by Harington (10) and confirmed by ob- 
servations of others since (11, 12). 

It is likely that triiodothyronine is itself not 
the ultimate peripherally acting hormone. Further 
structural change may be required in the mole- 
cule before it becomes active. Changes in the 
alanine side chain have been proposed as one 
possibility. In this connection it has been demon- 
strated that the enzyme system which converts 
thyronine compounds to their corresponding thy- 
roacetic acid analogs is not specific for the sub- 
It can 
3,3’,5’-triiodothyronine would 


stituents on the thyronine nucleus (13). 
be expected that 


go through the same sequence of reactions. Thus 


this analog, converted to 3,3’-diiodothyronine by 
thyroxine monodeiodinase, would be successively 
converted to the a-keto acid, aldehyde and acetic 
acid analog of this parent compound. These 
derivatives presumably are physiologically inac- 
tive, and by acting as competitive inhibitors at 
each stage, would provide a sequential block of 
reactions involving the alanine side chain. This 
hypothesis would account for the thyroxine an- 
tagonism of 3,3’-diiodothyronine and 3,3’-diiodo- 
thyropropionic acid, and the triiodothyronine an- 
,)’-triiodothyronine (14). 
(14) 


3,3’,5’-triiodo-pL-thyronine antagonized the 


tagonism of 3,3 


Recently Pittman and Barker observed 


that 
metabolic-stimulating effect of thyroxine adminis- 
tered to thyroidectomized rats. Benua, Kumaoka, 
Leeper and Rawson (15) administered this com- 
pound to a hyperthyroid patient and observed a 
significant fall in metabolic rate. Pittman, Ting- 
ley, Nickerson and Hill (16) reported a fall in 
the metabolic rates of treated myxedemic patients 
following the administration of this analog. No 

11t should be pointed out that the 3,3’,5’-triiodothyro 
nine tested was a racemic mixture. There is some justi 


fication for considering the effective molar ratio to be 


approximately one-half that recorded; thus 3,3’,5’-triiodo 
least 


propionic acid as an antagonist. 


_-tyronine would be at equal to tetraiodothyro- 


L-THYROXINE MONODEIODINATION 


1137 


response was observed in one patient with hyper- 
thyroidism, probably because of the comparatively 
low dosage administered. These clinical observa- 
tions, together with the evidence presented here, 
support the concept that thyroxine is converted 
to more active analogs in the peripheral tissues. 
\ rational approach to the control of hyperthy- 
roidism through the inhibition of these reactions 
is possible. 

The metabolism of thyroxine to tetraiodothyro- 
acetic acid may play an important role in thyrox- 
ine antagonism. Unless an alternative pathway 
for the degradation of thyroxine is present it 
would accumulate behind the block and eventually 
overcome the inhibition. The fact that reactions 
involving the alanine side chain of thyroxine are 
not inhibited by 3,3’,5’-triiodothyronine is evidence 
that this compound is a less effective inhibitor of 
these reactions than of the deiodination reaction. 
It follows that the action of these agents as in- 
hibitors is more likely to be at the site of mono- 
deiodination than the subsequent alanine side 
chain reactions. 

SUMMARY 


The inhibition by thyroxine analogs of the enzy- 
matic monodeiodination of thyroxine to 3,5,3’-tri- 
iodo-L-thyronine was studied im vitro with kidney 
slices from hyperthyroid rats as the enzyme source. 
Of the several analogs tested, tetraiodothyropro- 


, 


pionic acid and 3,3’,5’-triiodo-pL-thyronine proved 
followed by 
Alpha- 
methyl thyroxamine and diiodotyrosine were es- 
It is suggested that all three 


to be the most effective inhibitors, 


p-thyroxine and O-methyl-pt-thyroxine. 


sentially inactive. 


reactive groups are involved in varying degree in 


effecting thyroxine antagonism, and that this 
inhibition is competitive in nature. These data, 
together with the observations by others that one 
of these analogs (3,3’,5’-triiodo-pi-thyronine ) 
blocks the metabolic effect of thyroxine in vivo, 
support the concept that thyroxine is converted to 
another compound before becoming active at the 
cellular level, and that one step in this conversion 
is the removal of one iodine atom from the termi- 
nal ring. 
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Thrombosis long has been known as an often 
occurring sequent of coronary atherosclerosis, but 
until quite recently, very few investigators seri- 
ously considered that thrombosis of itself incited 
atherosclerosis. This possibility, initially pro- 
posed by von Rokitansky (1), was apparently re- 
futed by Virchow (2) and this seeming refutation, 
together with the discovery by Anitschkow (3) of 
the atheroma-inducing propensities of a diet rich 
in cholesterol, discouraged further consideration 
of atherosclerosis as of thrombogenic origin. 

However, Duguid (4-6) has revived the throm- 
bogenic etiology of atherosclerosis. He stressed 
the detection of fibrin in typical coronary and 
aortic atherosclerotic plaques as a probable se- 
quent of an earlier thrombosis. He called atten- 
tion to the presence of fibrous-lined lamellae in 
plaques, which suggested to him that the patho- 
genetic process might be intermittent rather than 
chronically progressive. He believed that he could 
observe evolutionary stages in the transformation 
and organization of mural thrombi into lipid-rich 
Finally he emphasized, 
as other pathologists also have done (2, 7-10), 
that the lipid deposit in the human atherosclerotic 
plaque (see Figure 1, A) is usually deeply situ- 
ated, whereas it is superficially accumulated in the 
atherosclerotic plaque observed in the rabbit con- 
tinuously fed cholesterol. It is important to 
point out, however, that if the hypercholestero- 
lemic-atherosclerotic rabbit is allowed to return 
to its usual normocholesterolemic level, eventually 


atherosclerotic plaques. 


the lipid in its plaque also may become deeply em- 
bedded (11). 


The observations of Duguid have been con- 
firmed by some pathologists (12-15) but his con- 


clusions have not been accepted either by all 


* Aided by grants from the National Institutes of 
Health, the Life Insurance Medical Research Fund, the 
American Heart Association, the San Heart 
Association, the Sacramento Heart Association and the 
Contra Costa County Heart Association. 


Francisco 


pathologists (7, 9) or by the majority of those 
investigators who have oriented their thoughts and 
actions to disturbances in lipid dynamics (either 
within the arterial wall or in the blood stream). 
These latter particularly have continued to be pro- 
foundly influenced by the ease with which experi- 
mentally induced hypercholesterolemia leads to 
atherosclerosis and have generally discounted the 
fact that the site of deposition of lipid in the athero- 
sclerotic animal continuously receiving cholesterol 
is quite different from that usually observed in 
human coronary atherosclerosis (compare A and 
H in Figure 1). 

Obviously, as McLetchie (9) observed, there 
is need to evaluate Duguid’s contention by ex- 
perimental means. In short, beginning with a 
thrombus arising in situ, can the morphological 
facsimile of human coronary atherosclerosis be 
reproduced ? 

Recently we have been able to induce thrombus 
formation in the arterial system by either the intro- 
duction of a specially treated magnesium alloy 
coil (16) or polyethylene tubing (17). It there- 
fore appeared important to us to study the evolu- 
tion of such thrombi in both normocholesterolemic 
and hypercholesterolemic rabbits. The results 
obtained indicated that the production of a throm- 
bus invariably led to the formation of a cellular 
plaque. In the presence of hypercholesterolemic 
plasma this experimental plaque accumulated 
lipid in sites which simulated exactly the distribu- 
tion of lipid observed in the human atherosclerotic 
plaque. 

METHODS 


3oth acute and chronic experiments were done. In 


the acute experimental study, 10 hypercholesterolemic 
rabbits that had been given a Wayne rabbit chow diet 
with added cholesterol (2 per cent) and cottonseed oil 
(2 per cent) for 3 months had a 1.5 cm long magnesium 
alloy coil inserted into the abdominal aorta below the site 
of exit of the renal arteries: 8 similar rabbits received 
a 0.5 inch hemicylindrical segment cut from polyethylene 


tubing (ID 0.045, OD 0.062 inch) in the same portion 
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controls) were given ordinary Purina rabbit 


ing as 
chow. Serum samples for cholesterol analyses were ob- 


tained from all rabbits every 3 weeks, excepting those 


rabbits sacrificed at 7, 14 and 21 days; from these ani 
mals a single terminal serum sample was obtained. At 
aorta was inspected and 
(18). 


after a 


time of sacrifice, the entire 


graded for gross atherosclerosis Che thrombotic 


remnant was then identified and, small section 


vas obtained for histological study, the total process in 


cluding the new intimal overgrowth (when this had oc 


curred) was removed and analyzed for its cholesterol 


mtent. In addition, for control purposes a 5 cm se¢ 


abdominal aorta directly cephalad to the throm 


tion ot 
hotic process was removed and also analyzed for its cho 


This chronic study continued for 84 


] 


he second study used 20 rabbits. Polyethylene tub 


ing was inserted into each abdominal aorta; 11 of the rab 


immediately on the cholesterol 
cottonseed oil enriched diet Ihe other 9 rabbits 
stock diet Eight rabbits (4 on the stock diet and 


4 on the cholesterol-oil enriched diet) 


bits were then placed 


were 
ted the 
were sacrificed 21 
days, and the remaining 12 rabbits were sacrificed 84 days, 
Gross and histological studies 


after insertion of tubing. 


of the thrombotic process of all rabbits were done. In 
addition, similar serum and tissue analyses and_ histo 
12 rabbits 


allowed to live for 84 days after the insertion of tubing 


logical examinations were carried out on the 

The third study used 26 rabbits; all of these also re 
ceived the magnesium alloy coil, but they were at first 
given the stock diet Twenty-one days after the coil 
had been inserted, 8 of these rabbits were placed on the 
enriched diet and continued 
another 14 were at 


cholesterol-cottonseed oil 
thereon for an additional 84 days; 
first given the stock diet for 84 days after the coil had 
been inserted and then placed on the cholesterol-cotton 
seed oil enriched diet for an additional 84 days. The re- 
maining 4 rabbits were continued on the stock diet for 
the entire 168 day period. The analytic and histological 


studies were also done on these rabbits 


RESULTS 


A, Characteristics of the newly formed throm 
bus in the normal and hypercholesterolemic rab 
bit. The thrombi removed 3 days after the inser- 
tion of either the coil or tubing were found to be 
freshly suspended—still unattached to the intima 
of the aorta (16) in both the normo- and hyper 
cholesterolemic rabbits. It was thus obvious that 
material arising from the blood stream itself was 
under study. 

0th types of induced thrombi appeared pinkish 
white. Those produced by the coil were con- 
siderably larger than those formed in the tubing 


trough and still contained a plethora of metallic 


salts as previously described (16). It is of in 
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terest, however, that the average weight of either 
type of thrombus was not any greater in the hy 
per- than in the normocholesterolemic animals 
(Table I). 


fibrin were observed in both types of thrombi; 


Upon histological study, strands of 


both were relatively devoid of cellular elements, 
but rich in platelets. None of the thrombi of either 
type in either the normo- or hypercholesterolemic 
animals exhibited a positive staining reaction for 
lipid. 

The analytical results were of considerable in- 
terest. The coil-induced thrombi in the hypercho 
lesterolemic rabbits contained an average of 840 
mg of cholesterol and 657 mg of triglyceride per 
100 g of dry tissue (dried over silica-gel) as 
compared with an average of 418 mg of cholesterol 
and 464 mg of triglyceride per 100 g of dry tissue 
found in the thrombi of the normocholesterolemic 
rabbits. When these figures were used to calcu 
late the amount of cholesterol in the total thrombi, 
contained less 


found that these thrombi 


than 0.2 mg of total cholesterol. 


It Was 
Moreover, those 
in the hypercholesterolemic animals contained an 
absolute amount of only about 0.1 mg more total 
cholesterol than was found in the thrombi of the 
normocholesterolemic rabbits, although, of course, 
the percentage of cholesterol was greater in 
thrombi from hypercholesterolemic rabbits. 

The cholesterol analyses of the tubing-induced 
thrombi in both normo- and hypercholesterolemic 
rabbits also indicated that a minimal amount of 
cholesterol was deposited in the early thrombus. 
Thus (Table I), although the average cholesterol 
content of the thrombi in the hypercholesterolemic 
rabbits was greater than that in the normocho- 
lesterolemic rabbits, neither type of rabbit had 
thrombi that contained more than 0.04 mg of total 
cholesterol, and the average difference in the total 
cholesterol content of the thrombi of the two series 
of rabbits was approximately 0.01 mg—a most 
insignificant quantity. 

B. The chronic changes occurring in thrombi in 
rabbits fed excess cholesterol immediately after 
insertion of the coil. Seven days after coil in- 
sertion, the aortic thrombus was observed in both 
the hypercholesterolemic and control rabbits to 
he lightly adherent to the underlying intima. 
Upon histological study, newly invading tissue 
composed of cells containing large nuclei and pale 
cytoplasm coming directly from the intima be- 
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rABLE I 


The effect of immediate cholesterol-oil feeding upon cholesterol content of coil- and tubing-induced thrombi and plaques 


Coil 
or tubing 
inserted 


Av. serum 
Rabbits cholesterol 


€ 


no. days mg % 


Rabbits fed cholesterol-oil diet immediately after 


644t 
(208-1 ,383) 
+101.0 


Seriest 10 2,9. 3 
Range: 
SE of mean 


Series A 3,020 


B : 2,960 


3,032 348 


be + 
(178-612) 

3118 
(118-804) 

+69.0 


7248 
(630-948 ) 
+66.0 


3,104 


3,438 


Aorta 
air-dried 
cholesterol \v. wt 


mg/100 zg 


1,095 
(820-1,400) 
+42.0 
735 
(578-844 ) 
871 
(804—962 ) 
1,206 
(748—1,660) 


832 
(613—1,030) 
+49.0 


1,063 13 
(730-1 ,480) (9-24 
+87.0 $1.3 


Il. Rabbits fed stock diet after insertion of coil 


Series O 8 54 
(42-78) 


Series A mh 


B 2,860 


2,980 


3,438 


Rabbits fed cholesterol-oil diet 
Series OF 8 3 320t 
(108-435 
+40.0 
1,506§ 
(1,091—2,180) 
+62.0 


Series A 


508 
(501-604) 
+35.0 
631 
(518-768) 
654 
(565-707 ) 
730 
(520-710) 
+62.0 
532 
(294-973) 
+116.0 


(8-9 
+0.3 


immediately 


1,090 1.9 
(788—1,262 ) (0.8—6.5 
+195.0 +0.9 
1,974 
(778—5,550) 


+89.0) +0.8 


Rabbits fed stock diet after insertion of tubing 


Series O 


Series A 


* TP/A cholesterol ratio equals 


770 iS 
(619-892) 
+49.0 


437 1.8 
(418-474 (0.8-3.0 
+32 +0.37 


+0).35 


cholesterol concentration of thrombotic process 


cholesterol concentration of adjacent aortic segment 


5.1 
(1.4-7.7) 


(0.44.0) 


rhrombotic process \v. ratio 


rP/A 


Cholesterol cholesterol * 


mg 100 


insertion of coil 


(850-988 
1,432 
(1,170—-1,680) 
2,774 
(1,690—3,820 
4,359 
(1,965-—-8,230) 
+740 
6,240 
(2,520-12,560 
+ 890.0 


418 
329-500 
+180 
693 
(629-757 


960 

1,100 
1,274 

468—1,810 
+ 188.0 


1,016 
(459-2,095) 
+83.0 


(854 


after insertion of tubing 


1,898 
(562—2,790 
+294.0 
17,189 
(4,250-—29,100 
+ 3,700.0 


1,508 
620—2,750) 


+208 

1,991 
(1,305-—2,980) 

+212 


t These rabbits were hypercholesterolemic at time of coil or tubing insertion, having been fed the cholesterol-oil 


enriched diet for the preceding 3 months. 
t Represents serum cholesterol value on day of sacrifice. 


§ Represents average of all serum cholesterol values obtained every 3 weeks. 


The cholesterol values given represent average of 3 monthly values 
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neath the central basal portion of the thrombus 
was observed in the three normocholesterolemic 
and the three already slightly hypercholesterolemic 
animals. A few capiiiaries could be detected ac- 
companying these celis. The media beneath this 
area of hyperplasia appeared somewhat altered in 
that the elastic lamellae were distorted and fre 
quently fragmented. No evidence of acute inflam 
mation was observed. Finally, despite the moder 
ate elevation of the serum cholesterol in the three 
rabbits ingesting the cholesterol-oil enriched diet, 
(Table 1) no evidence of sudanophilia was ob 
served in any of the specimens. 

Cholesterol analyses of the aortic segment and 
the thrombotic process (Table I) suggested that 
a greater amount of cholesterol was present in 
the thrombotic masses of the hypercholesterolemic 
rabbits, but the ratio of the cholesterol content of 
the thrombotic process to that of the adjacent 
(TP/A 


mately the same (Table I) in both groups of 


aorta cholesterol ratio) was approxi- 
animals. 

Thrombi observed 14 days after their insertion 
into three normocholesterolemic and three hyper- 
cholesterolemic rabbits exhibited a more tenacious 
Extension of the 


adherence to the vessel well. 


hyperplastic intimal tissue up along the sides of 


the thrombi could be detected grossly. 


Upon histological study it could be seen that 
the intimal new growth had invaded the central 
basal area of the thrombus even farther and had 
ascended along its sides. At this time, very small 
amounts of lipid were first observed but only in 
the specimens obtained from the three rabbits fed 
the cholesterol-oil enriched diet; moreover, this 
lipid was confined chiefly to the basal areas of 
the newly formed tissue either beneath the throm 
bus or ascending the latter’s sides. This lipid was 
extracellular, but no 


apparently both intra- and 


true foam cells were seen. The media lying be 
neath the thrombus showed even more disorgani- 
zation. 

The 


thrombotic processes was considerably greater in 


average cholesterol content of the three 


the hyper- than in the normocholesterolemic rab 
(Table I). The TP/A cholesterol ratio in 


hoth groups of rabbits also had increased 


bits 


\ll of the aortic thrombi of the 10 rabbits sacri 
ficed 21 days after insertion of the coil now were 


covered by newly formed intimal tissue (Figure 
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Fic. 2. Raspit Mc R-4: TypicAL APPEARANCE OF THI 


fHROMBOTIC PROCESS 21 DAYS AFTER INSERTION OF COIL INTO 
THE AORTA. Although three segments are seen, they ac 
tually formed a continuous spiral mass prior to incision 
of the aorta. At this time the original thrombus is en- 
tirely covered by newly formed intimal tissue. The white 
spots observed in the lowest mass are residual remnants 
of metallic salts lying just beneath the newly formed tis 


sue eny elope 


2). Such thrombi both in the normal and hyper- 
cholesterolemic rabbits were still grayish-white 
in color, but they could be stripped from the aorta 
only with difficulty. At the 
weight of the thrombotic process was approxi- 


this time, average 
mately the same in the two groups of rabbits 
Spontaneous atherosclerosis involving any area 
of the aorta was not observed grossly in the hy 
percholesterolemic rabbits. 

There was a very marked difference in the his 
tological appearance of the thrombotic processes 
of the two groups of rabbits. Although all thrombi 
(still containing large amounts of metallic salts) 
now were covered completely as well as invaded 
by newly formed intimal cells, only the thrombotic 
rabbits 


processes of the hypercholesterolemic 


showed well marked deposits of lipid. This lipid, 


hie fly extracellular, was still found in those por- 





EXPERIMENTAL THROMBO-ATHEROSCLEROSIS 


tions of newly formed intimal tissue at the base 


and along the lower sides of the original thrombus 
and also in the inner third of the now completely 
disorganized media immediately subjacent to the 
original thrombus (Figure 1, B and C). It was 
thus apparent that the major portion of the excess 
lipid seen either arose in situ or came from an in- 
tramural rather than a transintimal source. It 
was of interest too that no lipid was ever ob- 
served at this time in the aortic intima not oc- 
cupied by the thrombotic area (Figure 1, C). 
The of the total 
thrombotic process (including of course the basal 


average cholesterol content 
and lateral intimal hyperplastic tissue) in the hy- 
percholesterolemic rabbits was over twice that 
found in the same process in the normal rabbits 
(Table 1). Also the TP/A cholesterol ratio had 
increased to 2.30. 
centration of the thrombotic processes of the normal 
rabbits had increased also but to a lesser extent 


(Table 1). 


The average cholesterol con- 


Eight cholesterol-oil fed rabbits were sacrificed 
42 days after coil insertion. No significant spon- 
taneous atherosclerosis was observed in any por- 
At this 


time, however, the original site of coil insertion 


tion of the aorta of these eight rabbits. 


was marked by a serpiginous, pinkish plaque, well 
covered with intimal tissue, approximately 1.5 cm 
long (1.e., the same length as the coil that had been 
inserted) and 3 to 5 mm wide. Along the lateral 
base of this plaque newly formed blood vessels 
were quite prominent. Five of these eight plaques 
when incised showed a central core of yellowish, 
semiliquefied waxy material. 

Upon histological examination, the initial throm- 
bus appeared to be almost completely replaced by 
the intimal tissue that had grown in from the base 
and along the sides. Already the most peripheral 
portions of intimal tissue forming the plaque had 
begun to resemble dense fibrous tissue containing 
scattered elastic fibers. Only some residual metal- 
lic salts remained to indicate that the plaque had 
heen induced by a thrombus. The central core of 
the plaque, however, in most instances exhibited 
necrosis. The lipid deposit, which had increased 
greatly, was almost totally extracellular and ac- 
cumulated in lake-like masses at the basal areas of 


the plaque. The more peripheral areas of most 


plaques appeared relatively free of lipid. 


The average cholesterol content of these eight 
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plaques was 4,359 mg per 100 g of dry tissue. 
At this time there remained no doubt that the proc- 
ess was accumulating cholesterol far more avidly 
than was the adjacent aortic segment that had 
been analyzed (TP/A cholesterol ratio: 5.25). 

Fourteen hypercholesterolemic and 24 normal 
rabbits were sacrificed 84 days after insertion of 
the coil. Twelve of the 14 hypercholesterolemic 
rabbits exhibited slight to moderate spontaneous 
atherosclerosis (grade 1—3) in the arch and thor- 
acic portions of the aorta. Only 4 of these 14 rab- 
bits, however, exhibited any gross spontaneous 
atherosclerosis in that portion of the abdominal 
aorta immediately above or below the plaque. 

The gross appearance of the plaques in the two 
groups of animals differed markedly (Figure 3) ; 
whereas in the normal rabbits the plaques usually 
had shrunk to a dense, hard, rather flat, whitish- 
gray plaque, those of the 14 hypercholesterolemic 
animals appeared larger, frequently exhibiting a 
waxy yellowish color. In general too, the aorta 
adjacent to these latter plaques appeared more dis- 
torted. Eight of the 14 plaques in the hyper- 
cholesterolemic rabbits exhibited a necrotic core 
from which yellow, waxy, thick fluid could be ex- 
pressed. Similar central necrosis of the plaques 
in the normal rabbits was never observed. 

At histological examination, the plaque of the 
hypercholesterolemic rabbits exhibited a struc- 
ture that resembled rather markedly that seen in 
the diseased human coronary artery (Figure 1, D; 
compare with A). Thus the eccentric position of 
the thrombo-atherosclerotic plaque, the dense lipid 
deposit situated quite deep in the plaque, the 
fibrous cap, and the relative immunity of the 
aortic intima not subjacent to the process are 
well illustrated. In two of the plaques small areas 
of calcification also were observed. These fibrous 
plaques with deeply accumulated lipid at the base 
of the plaque and in the subjacent portion of the 
media were never seen in the spontaneous athero- 
sclerosis occurring in the rabbit during the first 
few months of cholesterol feeding (see H, Figure 
1). 

The plaque occurring in the normal rabbits 84 
days after coil insertion was composed (see E, 
Figure 1) almost entirely of dense, fibrous-like 
tissue interspersed with occasional elastic fibers 
and containing some residual metallic salts at the 


base of the plaque. Thinning and distortion of 
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Rappits MG S-18 anp MG U-31: THE PLAQUES 
FORMING 84 DAYS AFTER INTRA-AORTIC COIL INSERTION INTO 
(Me S-18) AND INTO 
STOCK (Mc U-31). 
replaced the initial 


THE CHOLESTEROL-OIL FED RABBIT 


THE CONTROL RABBIT FED THE DIET 


Fully 


thrombus mass 


developed plaques have now 
The plaque in each animal was actually 
a spiral continuous process but was cut into three sec 
tions on incision of the aorta. Note the greater thickness 
and the lipid infiltration of the plaque segments of the 
rabbit fed the cholesterol-oil enriched diet (Mg S-18). 
\lso note the distortion of the aorta adjacent to the 
plaque The plaque segments of the control rabbit 
(Mg U-31) are flatter, thinner and translucent and ex- 


hibit pinpoint areas composed of small blood vessels 


the media subjacent to the process almost always 
was observed. 

C. The chronic changes occurring in thrombi in 
rabbits fed excess cholesterol immediately after 
insertion of tubing. As previously described (17), 
the trough of the polyethylene tubing was occu 
pied by a relatively cell-free, fibrin- and _ platelet- 
rich thrombus within 72 hours after its insertion. 
When the aorta of the eight rabbits sacrificed 
21 days after introduction of the tubing was 
opened, no spontaneous atherosclerosis was ob- 
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served in either the cholesterol-fed or the normal 
rabbits. The polyethylene tubing in every case 
enclosed a greyish-white mass which adhered to 
the intima of the aorta (Figure 4). Close inspec- 
tion revealed that this mass was covered with in- 
timal tissue growing over it and separating it from 
the tubing wall. In addition to this, the outer 
wall of the tubing itself also was partially covered 
by a bilateral extension of living intimal tissue. 

Histological examination of these plaques re- 
vealed that, in most of them, the original rela- 
tively acellular thrombus was almost completely 
replaced by intimal tissue invading and encircling 
the original thrombus in much the same fashion 
as that the thrombi. 
Again, as in the coil-induced process after 21 days, 


observed in coil-induced 


a 


o 


Rassit W2-272: THE THROMBOTIC PROCESS 21 


SEGMENT OF POLYETHYLENE 


Kic. 4 


DAYS AFTER INSERTION OF A 
The polyethylene has been 


The whitish-grey thrombus 


TUBING INTO THE AORTA. 

lifted and pulled to the side. 
is attached to the intima from which newly formed tis 
sue has arisen to begin to cover the thrombus and also 


the outer wall of the tubing. 
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on 


nw- 
er 


> © 


Rassits R3-4 anv R3-1: THE PLAQUES FORM- 
ING 84 DAYS AFTER 
SEGMENT INSERTION 
BIT (R3-4) 


THE 


Fic. 5. 
INTRA-AORTIC POLYETHYLENE TUBING 
INTO THE CHOLESTEROL-OIL FED RAB- 
RABBIT (R3-1) FED 


Fully developed plaques covering the 


AND INTO THE CONTROL 


STOCK DIET. 
tubing (removed prior to photography) and its contained 
thrombus The thick, lipid-infil- 
trated walls of this plaque in the cholesterol-oil fed rab- 


have now developed. 
bit (R3-4) contrast strongly with the poorly visualized, 
(R3-1). 
The two lateral dark lines running lengthwise represent 
the space occupied by the walls of the tubing. The 
new intimal growth had grown within the trough of the 


flat, translucent plaque of the control animal 


tubing and also had ascended the latter’s outer walls 
The silk stay sutures can still be seen. 


the basal portions of the intimal tissue invading 
and encircling the thrombotic remnants in the 
cholesterol-fed rabbits exhibited lipid chiefly in 
extracellular aggregations. Thus, except for the 
absence of metallic salt fragments, the histological 
appearance of the plaques arising after tubing in- 
sertion was essentially similar to that of the coil- 
induced plaques. 

All of the seven cholesterol-fed rabbits sacrificed 
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84 days after insertion of the tubing showed ex- 
tensive confluent atherosclerosis in the arch and 
thoracic portions of the aorta (grade 3-4), but 
the abdominal aorta of four of them was free of 
visible atherosclerosis, and in the remaining three 
there were only scattered small plaques. In each 
of these seven rabbits the polyethylene tubing 
in the aorta was totally covered by a thick, ob- 
The 
trough of two of the tubings was found to face 
the lumen rather than the wall of the aorta. In 


strong contrast, the plaques present in the aorta 


viously lipid-containing tissue (Figure 5). 


of the control normocholesterolemic rabbits were 
smaller, flatter, more translucent, and devoid of 
grossly detectable lipid. The plaques in both 
groups of rabbits were relatively tough and one 
had the impression of cutting through scar tissue 
when incisions made in either 


transverse were 


type of plaque. The interior of the plaque in six 
hypercholesterolemic animals was occupied by the 
same type of yellowish, waxy, thick fluid ob- 
served in some of the coil-induced plaques. 
Similar to the histological structure observed 
in the coil-induced plaques, the tubing-induced 
plaque in the cholesterol-fed rabbit showed in 
every case dense, extracellular accumulation of 
lipid in the basal central and lateral areas (Figure 
a oY 
the plaque was thinned, slightly disorganized, and 
occasionally infiltrated with lipid situated both 
intra- and extracellularly. In the 
two animals whose tubing trough had faced the 


Usually the media immediately beneath 


the aorta of 


lumen of the aorta, the original clot therein had 
been invaded by new intimal tissue which, as- 
cending the lateral walls of the tubing, then had 
dipped into the trough to begin to replace the ini- 
tial thrombus. This is shown in Figure 1, F, 
which illustrates several very interesting points. 
The section shows quite wel! that the lipid depo- 
sition is in the basal intimal tissue that was sepa- 
rated right from the beginning from any contact 
with the thrombus by the impermeable walls of 
the polyethylene tubing. This, of course, cogently 
suggests that the intimal lipid could not have been 
derived from the original thrombus. Confirming 
this probability, the residual portion of the throm- 
bus itself showed no lipid. The section also indi- 
cates that the hyperplastic intimal tissue reaction, 
with its rich deposition of chiefly extracellular 
lipid, has been a response not to the thrombus but 
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to the wall of the tubing itself. Finally, the sec- 
tion bears a much closer resemblance to the type 
of atherosclerosis observed in the human coronary 
artery than does that observed in our rabbit fed 
excess cholesterol (Figure 1, compare F with A 
and H). 

The plaques of the five control rabbits in gen- 
eral showed the same type of cellular structure 
observed in the plaques of the cholesterol-oil fed 


rabbits; however, the total plaque was consider- 


ably smaller and completely devoid of sudanophilic 


material except for one, in which a few sudano- 
philic droplets were seen in the basal central area. 
\s observed in the experimental animals, the 
plaques of these control rabbits exhibited what 
we considered to be fibrous transformation of the 
initial intimal extension. 

The plaques of both the experimental and control 
rabbits contained far more cholesterol than did the 
(Table I), 
the control 


Thus 
of 


immediately adjacent aorta. 


the cholesterol content 


plaques was more than four times that found in 


average 
their aortas. Even more striking was the finding 
that the average cholesterol concentration of the 
plaques of the cholesterol-oil fed rabbits was more 
than eight times that found in either their own 
aortas or in the plaques of the control rabbits. 
This greater concentration of cholesterol in the 
tubing-induced plaques, as compared with that 
found in the coil-induced plaques, was probably 
] 
1 


due not only to the greater degree of hypercho- 


lesterolemia achieved in the rabbits bearing the 


rABL 


The effect o 


Av. serun 
cholesterol* 
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I 


cholesterol 


mR 
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tubing but also to the absence of metallic frag- 
ments. 

D. The chronic changes occurring in thrombi 
of rabbits not fed cholesterol immediately after 
insertion of the coil. The plaques of the eight rab- 
bits fed the cholesterol-oil diet for 84 days, begin- 
ning 21 days after coil insertion, were examined 
both ap- 
) present essentially the same cellular 


histologically and chemically. They 
peared t 
structure and about the same amount of sudano 
philia both in the basal central and basal lateral 
portions of the plaque as did plaques from rabbits 
fed cholesterol-oil immediately. Moreover, their 
average cholesterol content was as great (Table 
II) as that found in the 84-day old plaques of the 
rabbits fed the cholesterol-oil diet immediately af- 
ter coil insertion. 

14 rabbits, fed 
the for 84 


ginning 84 days after coil insertion, were sacri 


On the other hand, when the 
cholesterol-oil enriched diet days be 
ficed, a most interesting phenomenon was ob- 
of 14 


moderate atherosclerosis of the ascending portion 


served. Twelve these rabbits exhibited 


of their aortas (grade 1-3) but all of their coil 
induced plaques appeared shrunken and grossly 
devoid of fat deposition and markedly resembled 
the type of plaque observed in the four control 
rabbits fed the stock diet over the same period 
(Figure 6). 

Histologically too, only 1 of the 14 hypercho 
lesterolemic rabbits had a coil-induced plaque that 
in this 


contained sudanophilic material. [ven 


f delayed cholesterol-oil feeding upon coil-induced plaques 


Thrombotic process 
\orta a 


Av Cholesterol 


wt (dry) 


100 « meg me/100 ¢ 


Rabbits fed cholesterol-oil diet 21 days after coil inserted 


876 
(720-1,035 
+42.0 


& 2 998 
) 
Range 
SE of meat 


14 
(8-24 
+1.6 


8,083 
(3,130-11,700 
+ 950.0 


Rabbits fed cholesterol-oil diet 84 days after coil inserted 


741 
(309-1,101 
+ 62.0 


Control 


rabbits fed stock 


39] 


1,419 8 
510 
t+ 4105.0 


2,097 
(880-4,020 
+ 260.0 


4,290 (5-12 
+0).65 

diet 

583 


937 
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Fic. 6. 
168 DAYS AFTER INTRA-AORTIC COIL INSERTION. 


Raspits 445 anp 461: THE PLAQUES FORMING 
Although 
Rabbit 445 had been fed the cholesterol-oil enriched diet 
for the last half of the total period, its plaque segments 
in general resemble those of the control rabbit 461 fed 
the stock diet. Compare these plaque segments of Rab- 
bit 445 with those of Rabbit Mg S-18 of Figure 5. 


one plaque (Figure 1, G), the degree of sudano- 
philia was insignificant compared with that found 
in the same rabbit’s ascending aorta (Figure 1, 
H). 


plaque, essentially similar to that found in the 


In short, a firm, relatively acellular, fibrous 


stock-fed rabbits (compare E and G in Figure 1), 
was observed in these rabbits despite their pro- 
longed cholesterol-oil feeding and accompanying 
hypercholesterolemia. 

The chemical analyses also indicated that a plaque 
already 84 days old possessed a relative immunity 
to experimentally induced dietary hypercholes- 
terolemia not shared by the plaque only 21 days 
old or less. Thus (Table II), the average cho- 
lesterol of these plaques was 2,097 mg per 100 ml, 
a value only 1.47 times that of the adjacent ab- 
dominal aorta. It should be noted, however, that 
the average cholesterol content of the plaques of 
the four control rabbits allowed to survive for a 


1149 


similar period of 168 days was considerably less 
than that of the plaques of other rabbits fed the 
stock diet and allowed to survive for only 84 days 
after coil insertion. 


DISCUSSION 


We are well aware of the probability that some 
of the results of this present study will be con- 
sidered by some investigators as important prin- 
cipally because they furnish direct experimental 
proof of the ability of a thrombus to elicit the for- 
mation of a plaque bearing a striking chemical as 
well as architectural resemblance to the plaque 
found in the human artery. Certainly it cannot 
be denied that starting with a thrombus, we in- 
variably induced a plaque. Nor can it be denied 
that if the cholesterol concentration of the rabbit’s 
blood was elevated to that of man or higher, lipid 
and cholesterol accumulation quickly ensued in 
these plaques and that they, similar to human 
plaques, frequently exhibited internal degenera- 
tion, necrosis and liquefaction. 

3ut these same experiments also appeared to 
us to demonstrate that the formation of a plaque 
need not rely solely upon a thrombus for its ini- 
tiation, growth or maturation. Certainly in our 
own experiments with hypercholesterolemic rab- 
hits, an atherosclerotic plaque resulted whether 
the initial injury or stimulus to the vessel wall 
was caused by the fulminant sort of thrombus in- 
duced by metal coil, by the bland type resulting 
from introduction of the polyethylene tubing, 
or even by mere contact with the tubing itself. 
Moreover, the type of plaque and its evolution in- 
duced by our thrombi was essentially similar to 
that induced by needle scraping of the aortic in- 
tima (10, 20), by cauterization of the adventitia 
(21), by explantation of the carotid arteries (22 
and by freezing of the aorta (8, 23). Indeed, it is 
probable that the fragmentation of the internal 
elastic membrane observed in the arteries of in- 
fants (24), and the intramural hemorrhage so 
often observed in the arteries of adults (25) con- 
ceivably could induce the same type of athero- 
sclerotic 


plaque that has been produced ex- 


perimentally. 


Despite the variety and multiplicity of the 


above agents and events capable of injuring or 
altering the arterial wall and hence inducing 
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atherosclerotic reactions, all of them are followed, 
as is well known, by intimal proliferation or hy- 
perplasia. We consider it quite probable that the 


essential sameness of all human atherosclerotic 
plaques may be due, not to the sameness of initiat- 


ing agent, but to the sameness of intimal hyper- 


plasia and its peculiar properties which these 


various agents elicit. 

it is of course possible that the initial tissue in- 
jury itself, by giving rise to a state of inflamma- 
tion, as 
LeCompte (27) and Waters (28-31) believe, 
invariably elicits the intimal hyperplasia and per- 


3oyd (26), Winternitz, Thomas and 


haps the lipid and cholesterol accumulation oc- 
It is difficult to refute this pos- 
sibility if only because all of the above agents 


curring therein. 


seemingly induce tissue injury or change, and the 
latter might be expected to elicit, if not all, at 
least several of the classic phenomena associated 
with inflammatory processes. In our own experi- 
ments however we, as did Taylor, Balwin and 
Hass (23), failed to observe the presence of a 
significant number of inflammatory cells in our 
lesions at any stage. Moreover, the lipid and 
cholesterol accumulation observed in the plaques 
of rabbits that were not made hypercholesterolemic 
until 21 days after clot induction was no less than 
that observed in the plaques of rabbits made hy- 
after thrombus 


percholesterolemic immediately 


formation. Whereas these facts make us reason- 
ably certain that acute inflammation could not be 
responsible for the lipid and cholesterol accumu- 
lation, they do not rule out the possible operation 
of a chronic inflammatory process. Indeed, the 
mere presence of a rapidly growing tissue in a 
high pressure system such as is present in the ar- 
terial lumen might lead to a new series of in- 
juries or inflammatory reactions, or both. 

The present studies indicated quite clearly, we 
believe, that in the early stages of intimal hyper- 
plasia, stainable lipid was first deposited chiefly 
in the basal and lateral areas of the forming 
plaque. Whether such lipid represented an in- 
creased synthesis in situ or an exudate (31) is a 
question that remains to be answered. Certainly 
it was clearly shown that it could not have been 
derived from any lipid initially present in the 
thrombus as Curran, Thomas and O’Neal (32) 
It was of great interest to us, too, to 


that, 


believed. 


observe although the newly developing 
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plaque exhibited tremendous proneness to lipid 
and cholesterol accumulation, the mature plaque, 
as Ssolowjew (21, 22) also observed in his ex- 
periments, exhibited a striking immunity to such 
accumulation. The basal deposition of lipid in 
the induced plaque of hypercholesterolemic rab- 
bits contrasted strikingly with the superficial 
subendothelial lipid accumulation occurring in 
the spontaneous atherosclerosis developing in the 
aortic arch of these animals. In view of the simi- 
larity of the human plaque to the induced one and 
its well known dissimilarity to the spontaneous 
atherosclerotic area developing in the rabbit main- 
tained continuously hypercholesterolemic (2, 7), 
it seems possible that the human atherosclerotic 
plaque may also quite often be the sequent of a 
discontinuous insult rather than of a continuous 
transintimal penetration of lipid and cholesterol. 
Such an insult could be a thrombotic one, but it 
could just as well be hemorrhagic, physical or 
chemical. 

Central necrosis with occasional ulcer forma- 
tion is frequently observed in the human arterial 
plaque. Its cause has not been determined, al- 
though it has been postulated (2, 12, 33) that it 
occurs as a result of central ischemia. This, how- 
ever, does not appear to be the responsible agent 
because, in our experiments, none of the plaques 
of the 


hibited central disintegration or 


normocholesterolemic animals ever ex- 
necrosis. On 
the other hand, it was found in almost all of the 
lipid-laden plaques of the hypercholesterolemic 
belief that it is the 


huge depots of lipid and cholesterol themselves 


animals. Thus, it is our 


that effected the necrosis we observed so often. 
These may also be associated with the pathogene- 
sis of the central necrosis occurring in human 
arterial plaques. 

It was rather disconcerting to observe that the 
plaques induced in the control normocholesterole- 
mic rabbits, while considerably smaller than those 
found in the hypercholesterolemic rabbits, were 
not insignificant in size, despite their absence of 
stainable lipid and relatively low cholesterol con- 
tent. Similar relatively lipid-free plaques are 
also found in human arteries (2, 12, 34, 35). In- 
deed, from the studies of Moon (24) and Enos, 
Sever and Holmes (33) it seems extremely doubt- 
ful that such plaques could have been caused by 


an initial deposit of lipid or cholesterol. Rather, 
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it would appear that the plaque served as a site 
for later accumulation of these substances. In 
our studies, in which the total process could be 
observed at all stages, there could be no doubt 
that a plaque’s origin did not depend exclusively 
upon a prior deposit of lipid or cholesterol; to 
the contrary, it invariably depended upon a pre- 
ceding intimal hyperplasia. This latter phe- 
nomenon in turn did not at all stem always from 
an initial infiltration or accumulation of lipid 
or cholesterol. However, the later accumulation 
of such substances almost always intensified, 
hence aggrandized, the intimal overgrowth. 


SUMMARY 


The experimental induction of intra-arterial 
thrombi by two different techniques led, in the 
hypercholesterolemic rabbit, to a plaque exhibiting 
a striking gross and histological resemblance to 
that observed in human atherosclerosis. These 
induced thrombo-atherosclerotic plaques con- 
sisted of dense, relatively acellular fibrous tissue 
having deeply embedded lipid and were frequently 
subject to central fatty degeneration and lique- 
faction. 

The propensity of these plaques to accumulate 
the excessive amounts of lipid and cholesterol ac- 
tually observed was found to be due to the intimal 
hyperplastic tissue that the thrombi evoked. The 
avidity of this living intimal tissue for these sub- 


stances, however, was confined to the early 


stages of the tissue’s growth. After final fibrous 
transformation of such tissue, actual protection 
against the accumulation of lipid and cholesterol 
was observed. 

The possible relevance of these experimental 
studies to the general pathogenesis of athero- 


sclerosis was discussed. 
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The availability of radioactive isotopes of iron 
led to the development of reliable methods of 
studying iron kinetics (1), but the absorption of 
iron by the gastrointestinal tract was still deter- 
mined indirectly by the amount of unabsorbed 
iron excreted in the stools or by quantification of 
isotopic iron incorporated into hemoglobin (2-7). 
The availability of a whole-body counter in a 
clinical facility has made possible the direct assay 
of iron®® retention in human subjects and has 
collecting and preparation. 


eliminated sample 


The purpose of this paper is to describe this 


method and demonstrate some of tne findings. 


METHODS AND MATERIALS 


Thirty-five volunteers, 25 normal and 10 iron-deficient 
The 
cient subjects met one or more of the following criteria: 
1) virtual marrow 
stained by the reaction (8); 2) 
iron less than 70 wg per 100 ml with total iron-binding 


adults, were the subjects of the study. iron-defi- 


absence of iron in bone smears 


Prussian-blue serum 
capacity in excess of 350 wg (9, 10); 3) recent loss of 
blood without replacement by iron or transfusion. Five 
subjects (Tables IV and V, numbers 1, 3, 4, 7 and 9) 
had been purposely phlebotomized to induce iron de- 
ficiency. They were in various stages of recovery fol- 
lowing the loss of 4 or 5 units (2.0 to 2.5 L) of blood 


in a period of 1 month. In Subjects 4 and 9 the periph- 


eral parameters had become normal at a time when one 
could be sure from the history, amount of blood loss and 
the lack of that the 
stores had not been replenished. 


iron in the marrow, body iron 

The normal iron-replete subjects met none of these 
criteria. Serum iron was in excess of 80 ug per 100 ml; 
there was no evidence of bleeding or history of recent 
blood loss. Red cell indices were established in all sub- 
jects. None of the subjects was known to have neo- 
plastic, infectious or inflammatory disease. 

Iron absorption studies were performed in each sub- 
iron” and a_ whole-body liquid 
The 
scintillation counter simliar in design to the Los Alamos 
counter (11). 
in diameter of the sample well to 20 inches and the sub- 


This in- 


ject with radioactive 


scintillation counter. instrument was a 4m liquid 


The major differences were an increase 


stitution of thirty 5-inch photocathode tubes. 
strument was operated as a two-channel analyzer, specifi- 
cally to detect body cesium™ and potassium with maximal 
efficiency. The two 
tion were wide (0.3 to 0.8 and 0.8 to 2.0 Mev) and use- 


ranges of ‘y-energy discrimina- 
ful for detecting a large number of y-emitting nuclides 
with good efficiency. 

The standards used were a 2.5 L water-filled plastic 
bottle to which iron” was added in amounts equal to half 
the dose given the subject. A 250 ml plastic bottle simi- 
larly prepared was used as a standard for measurement 
of radioactivity in feces. 

Prior to administration of the radionuclide, the volun- 
teers were assayed in the body counter. They lay supine 
on a canvas sling within the sample chamber (Figure 1). 
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HUMAN WHOLE-BODY LIQUID SCINTILLATION COUNTER. 





The sub- 


ject is placed in the internal cylinder which is 6 feet long and 20 inches in 


diameter. The scintillator solution 
ends of the tank. 


the tank detect the scintillations ; 


surrounds the patient 


except at the 


Thirty 5-inch photomultiplier tubes in the outer wall of 
the signals generated by the tubes are 


collected and conducted to a two-channel analyzer where they are quanti- 


fied by appropriate scaling devices. 
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EFFICIENCY (PERCENT) 
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LAA 


—0.0979 
Y= 20.27 x 
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3 4 5 678910 


3 4 5 6 789100 


WEIGHT (POUNDS) 


Fic. 2. THE EFFICIENCY OF THE 


RADIOACTIVITY DECREASES AS THE SAMPLE WEIGHT INCREASES. 
80 pounds was performed with bottle phantoms. 


W HOLE-BODY 


COUNTER FOR MEASURING IRON5® 
The calibration up to 


The equation was derived from 


calibration by means of the phantoms as well as subjects weighing up to 78 kg. 


Total counting time was 200 seconds. The resultant 
count rate represented the background quantities of ra- 
dioactivity present in each subject. This baseline count, 
due to potassium”, cesium™ and any previously adminis- 
tered radioisotope, was subtracted from all subsequent 
determinations. 

The test dose of iron consisted of 1 uc of iron” as 
citrate in 50 ml of water in which there was a carrier 
The 
dose was drunk in the morning after an overnight fast. 
The 


dose of 1 mg of elemental iron as ferrous sulfate. 


No food was taken for an additional 90 minutes. 
subjects were then counted in the body counter. 

For two weeks after ingestion of the iron, 9 of the 
subjects made complete collections of feces and 3 made 
complete collections of urine. These were counted in 
the whole-body counter. 

In the beginning of the study, 4 subjects were counted 
at intervals of 20 to 30 minutes until they had attained a 
maximal count rate. This occurred from 3 to 4 hours 
after ingestion of the iron®. Subsequently, the remain- 
ing subjects were assayed 4 hours after the test dose. 
The explanation for this phenomenon is that, immedi- 
ately after oral administration, the dose of radioisotope 
with a point source surrounded by a 
After sev- 
eral hours the radioisotope is more widely distributed 
It is then a dif- 


is comparable 
large mass of tissue which acts as shielding. 


in the gastrointestinal tract and body. 
fuse source with relatively less shielding and produces a 
higher count rate. Failure to consider this phenomenon 
may result in errors of 5 to 10 per cent in calculating the 
initial retention values. In the third to fifth hour period, 
count rates vary by 2 per cent or less. 

After each count of the subject the standard was also 
The counts of the subjects and standard were 
The ratio of the 
subject's count to that of the reference standard, 4 hours 


counted. 
corrected for resolving time loss (12). 


after administration of the radionuclide, was used as 


the 100 per cent reference value. Thereafter any com- 
parison of a similar fraction to the reference value rep- 
resented the fraction of radionuclide retained by the 
body at that time. 


int Ms 
patient / 


Count rate of patient/count rate of standard 
represents 100% Count 
count rate of standard = R, (any day x); R-/R, X 100= 
Cc 


retention. rate of 


© retention on day +. 


Similarly when fecal excretion was followed, fecal 


were assayed with the appropriate standards. 
count rate/standard 100=% ex- 
100 XN 
The whole-body liquid scintillation counter was a 47 


samples 


Fecal count rate 
creted ; excreted = % retained. 


counting system in which low levels of y-emitting iso- 


topes can be detected. The statistical precision and sta- 
bility of this type of instrument has been previously re- 
ported (11). 


the channel that measures potassium”. 


The y-energy of iron” can be detected in 
Detailed calibra- 
tion of the whole-body counter for iron” led to determina- 
tion of absolute efficiencies for standards and _ subjects 
to 78 kg. 
in a large mass was less efficiently de- 


of various sizes, ranging in weight from 1 
Radioactivity 


TABLE I 
Comparison of two methods of determining 
iron® activity 


Absolute 
calibration 


Single standard 


Subject method 


’ercentage retained in body 
21.0 
4.1 
2.0 


I 
2 


e 
4. 
2 


Tron® in a unit of blood (500 ml) 


19.2 mM pac 
3.6 myc 


20.1 myc 
3.7 myc 





IRON® ABSORPTION MEASURED BY WHOLE-BODY COUNTING 


rABLE II 


Normal volunteers 


Fe® retained based on 
Potal iron 
Serum binding Body Fecal 
Patient Se Hb f MCH MCHC iron capacity count assay 


¢/100 ml ue/100 ml ue/100 ml % 
16.1 33 83 55: 10.0 
15.3 32 105 ‘ 10.0 
16.1 32 160 ‘ 10.0 
29 87 : 9.0 
31 133 Km Xh 8.8 
31 82 FX 8.6 
29 81 3 6.8 
28 83 d 6.5 
29 181 218 5.4 
30 108 5 
30 130 
110 
103 
135 
82 
132 
9? 
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* Done twice, 1 year apart. 


tected because of self-absorption. A log-log plot of the of iron” and amount of circulating iron™® removed by 
data provided a linear relationship between detector phlebotomy were calculated by using the power function 
efficiency and sample weight, and a least squares analy- and the simple ratios, and the results were compared 
sis of the data yielded a power function (Figure 2). (Table I). 
The efficiency of the subjects was about 12 per cent. cana 
In the clinical studies absolute calibrations were not indi i 


necessary. It was sufficient to compare the activity of Normal, iron-replete adult humans absorbed 10 
subject or sample with a reference standard. The use 
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to which 


per cent or less of a 1 pe dose of iron 


of the standard in an appropriate geometry obviated ; Tabl 
corrections for physical decay of the radioactive isotope 1 mg of elemental iron was added (Table IT). 


and for flutuations in counter efficiency. The retention Iron-deficient subjects absorbed 29 to 71 per cent 


TABLE III 


Tron-deficient subjects 


Fe retained 
based on 
otal iron Bone - 
Serum binding marrow Body Fecal 
Patient Se Hb y MCH MCHC iron capacity iron count assay 


g/100 ml ue, 100 ml ue/100 ml 

13.8 2 i 51 551 
9.6 7 Z 0 464 

15 

121 

58 

43 

24 

94 

107 

85 
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IRON® ABSORPTION MEASURED BY WHOLE-BODY COUNTING 


(Table III). 


distinction between normal and iron-deficient sub- 


The procedure provided a clear-cut 


jects. 

The gradual decay of radioactivity after inges- 
tion of the test dose was due to loss of unabsorbed 
iron in the feces. After loss in the feces stopped, 
the retention value remained constant, indicating 
no excretion of the absorbed iron (Tables IV and 
V). 
was a corresponding loss of radioactivity. 

The 
quantitated is shown in Figure 3. 
that of a chronic blood donor (number 8, Tables 
III and V). When iron* 


equilibrium, 500 ml of whole blood was removed 


However, with chronic loss of blood, there 


accuracy with which blood loss can be 


The curve is 


) 


retention had reached 
on three occasions at weekly intervals. The iron®® 
retention values decreased by 17, 12 and 12 per 
cent, respectively. In another patient of this se- 
ries (Table V, number 2) there was a continuing 
in retention 


decrease after equilibrium should 


1157 
have occurred. This was regarded as evidence of 
bleeding. From Days 31 to 35, the subject’s re- 
tention decreased from 60 to 52 per cent or 13 
She weighed 62 kg, and her blood vol- 
She 
was believed to have lost, therefore, approximately 


per cent. 
ume was estimated to be about 4,000 ml. 


500 ml of blood over a 4 day interval. The ra- 


dioactivity in a 24 hour fecal sample was assayed 


At a sub- 
sequent laparotomy an oozing hemangioma of the 


and corresponded to 100 ml of blood. 


lower jejunum was removed. 

Nine subjects collected all stools for 2 weeks 
following oral administration of iron®®. Retention 
of iron computed by this method is shown in 


IT III. Small 


sample size produced significant changes in count- 


Tables and variations in fecal 


ing efficiency. Thus, measurement of gastroin- 
testinal absorption by collection of feces and count- 
ing the total collection was unreliable. The method 
could be improved by using standardized aliquots, 


TABLE V 


Tron-deficient subjects, per cent retention Fe*® 


Patient number 


100 
97 


100 
87 
72 


100 
96 
85 

68 68 


67 


70 
64 
64 


65 


SOND U SH wn OS 


nk whe 


66 


* Phlebotomies. 
t Count before/count after. 


100 


6 


100 
60 
52 


48 


100 
50 
45 
45 
40 
40 
40 
40 
41 


100 
97 
61 


64 
61 
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EFFECT OF PHLEBOTOMY 


500 mi 500 mi 500 mi 


PERCENT RETENTION 


1 
15 20 25 30 35 











TIME IN DAYS 


Fic. 3. INCREASED ABSORPTION OF IRON5® WAS DEM- 


ponor. He was 
Phleboto- 
mies of 500 ml each, 21, 28, and 35 days after administra- 


ONSTRATED IN THIS CHRONIC BLOOD 


shown to have depleted marrow stores of iron. 


tion of an oral dose of radioactive iron5® showed an 


abrupt loss of labeled iron from the body. 


but larger doses of iron®*® would be required. 
Cumulative urine collections in three subjects con- 
tained less than 1 per cent of the administered 
dose. This confirmed in humans the previous ob- 
servations in animals that significant quantities of 
excreted in the urine 


radioactive iron are not 


(13, 14). 


DISCUSSION 


A liquid scintillation counter large enough to re- 
ceive a human permits accurate determination of 
the total body content of most y-emitting nuclides. 
Determination of the percentage of retention by 
the body and rate of disposal in excreta may be 
obtained. The gastrointestinal absorption of iron*® 
was studied by this method. The small quanti- 
ties of radioactive iron needed for study reduce 
the radiation hazard and permit the performance 
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of repeated studies when indicated. Many meth- 
ods of studying iron absorption have been used in 
the past. The availability of radioisotopes of iron 
led to the development of several methods more 
reliable than chemical balance techniques (14). 
Measuring the amount of orally administered 
radioactive iron that is incorporated into hemo- 
globin is an undependable method of studying 
iron absorption because of the variability of in- 
corporation of (3-5). 
Measurement of the unabsorbed fraction of radio- 
active iron in the stools has the technical prob- 


iron into erythrocytes 


lem of ensuring complete collection of specimens 
2). Further, when the proportion absorbed is 
errors of measurement become 


small, technical 


magnified (4). The most reliable method em- 
ploys two isotopes (6, 7). The method assumes 
that equal amounts of oral and intravenously ad- 
ministered iron are incorporated into hemoglobin. 
The procedure is technically difficult and requires 
the administration of an isotope with a long 
half-life. 

In contrast, the present method directly meas- 
ures iron absorption by the body and permits ac- 
curate determination of the amount of retention 
and the rate of loss. Collection of excreta is not 
necessary. The method permits an estimation of 
blood loss over a long period of time. 


SUMMARY 


Iron absorption was measured in normal and 
iron-depleted subjects by using radioactive iron®® 
and a whole-body liquid scintillation counter. 

Normal iron-replete adult humans absorbed 10 
per cent or less of the orally administered test 
dose. Iron-deficient subjects absorbed 29 to 71 
per cent of the dose. The method requires a 
small dose of radioisotope, permitting repeated 
studies. It provides an index of the rate of iron 


loss, including loss by bleeding. 
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CONCERNING THE ROLE OF ARTERIAL BARORECEPTORS IN 
THE CONTROL OF ALDOSTERONE SECRETION 
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Since the suggestion by Epstein, Post and Mc- 
Dowell (1) that renal conservation of Na is con- 
ditioned by the degree of filling of some portion of 
4-6) 


have presented conflicting data concerning the role 


the arterial tree, various investigators (2, 


of arterial baroreceptors in the control of aldo- 
sterone secretion. Barger, Muldowney and Liebo- 
witz (3, 5) have suggested that the moderator 
reflex, of which baroreceptors in the carotid sinus 
and the aortic arch constitute the afferent limb, 
may lead to both increased sympathoadrenal tone 
and hypersecretion of aldosterone in experimental 
congestive heart failure. Bartter, Gann and Mills 
(2, 


in the thyrocarotid arterial junction provide the 


6) have reported that baroreceptors located 


afferent limb of the nervous mechanism that leads 
to hypersecretion of aldosterone after thoracic in- 
ferior vena caval constriction in the dog. Davis, 
Yankopoulos and Holman (4) have found that 
neither carotid sinus denervation nor subsequent 


bilateral vagotomy prevented the increased uri- 


nary aldosterone excretion and the virtually com- 


plete Na retention observed in dogs with ascites 


secondary to thoracic inferior vena caval constric- 
tion. The present study was designed to examine 
the hypothesis that arterial baroreceptors play an 
essential role in the regulation of aldosterone se- 
cretion. 

METHODS 


Experiment 1 consisted of chronic studies aimed to de- 
termine the effects of denervation of baroreceptor areas, 
singly and severally, upon the hypersecretion of aldo- 
sterone and the marked Na retention which result from 
All 
experiments were performed on 15- to 20-kg mongrel 
Each animal was kept in a metabolic cage through- 


chronic thoracic inferior vena caval constriction. 
dogs. 
out the experiment and received (by forced feeding when 
necessary) a synthetic diet containing 60 mEq of Na and 
18 mEq of K per day. 
ad lib. Urinary and fecal Na and K excretions were 
determined by flame photometry throughout all experi- 
measured 


All animals were allowed water 


ments. Inferior vena caval pressures were 


with a water manometer. Ascites was removed by para- 


centesis at frequent intervals. In the animals in which 


TABLE I 


Effects of thoracic inferior vena caval constriction on electrolyte excretion in dogs with bilateral denervation of the 
common carotid arteries, the carotid sinuses and the thyrocarotid arterial junctions 


After carotid denervation plus thoracic inferior 


After caroti 


1 denervation 


Na excretion 


Dog 


* Brackets enclose the 


Urine 


Feces 
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and before caval constriction 


K excretion 


Urine Feces 


mEq/day 


Na excretion 
Urine Feces 


mEq/day 


vena caval constriction 
K excretion 


Jrine Feces 


mEq/day 


tN 


25.6 0.7 
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32.9 


12.3 


14.8 


8.1 


7.0 


7.6 


number of days that measurements of urinary and fecal electrolyte excretion were made. 





ARTERIAL BARORECEPTORS AND ALDOSTERONE SECRETION 


adrenal venous blood was collected, aldosterone and 
corticosterone secretion rates were determined by meth 
ods described previously (7, 8). 

In experiment 1A (5 dogs), carotid artery denervation 
was performed bilaterally. In this procedure (here- 
after referred to as cervical carotid denervation), the 
carotid sinus nerves were sectioned bilaterally, and the 
carotid sinuses, the adjacent 1 cm of the internal and ex- 
ternal carotid arteries, and the common carotid arteries, 
including the thyrocarotid arterial junctions, were bi- 
laterally stripped of adventitia, painted with 5 per cent 
phenol and washed with absolute ethanol. Two to 3 
weeks later, thoracic inferior vena caval constriction was 
performed. Approximately 2 weeks after caval constric- 
tion, the right adrenolumbar vein was cannulated under 
Na pentobarbital anesthesia in 3 of the 5 dogs, and 
adrenal effluent was collected. Experiment 1B (3 dogs) 
differed from 1A in that thoracic 


constriction was performed 2 to 3 weeks before cervical 


inferior vena caval 


carotid denervation, and collections of the adrenal ve- 
nous blood were not made in these animals. 
ment 1C (2 dogs), thoracic inferior vena caval constric- 
tion was followed 10 days later by aortic arch denerva- 


In Experi- 


tion. 
arch denervation), the ascending aorta, the aortic arch, 


In this operation (hereafter referred to as aortic 


the brachiocephalic artery, and the proximal two-thirds 
of the thoracic descending aorta were thoroughly stripped 
of adventitia, painted with 5 per cent phenol and washed 
with absolute ethanol. 

Experiment 1D (5 dogs) was designed to study the 
combined effects of cervical carotid denervation, aortic 
arch denervation and left cervical vagotomy on Na ex- 
cretion in dogs with thoracic inferior vena caval con- 
striction, and to determine whether superimposed acute 
right cervical vagotomy and bilateral splanchnic nerve 
affects the 
served in these animals. 


section hypersecretion of aldosterone ob- 


Thoracic inferior vena caval 
constriction and denervation of the cervical carotid and 
aortic arch baroreceptor areas were performed in three 
stages at intervals of 6 to 10 days; the sequence of these 
procedures was varied in the 5 dogs, as indicated in 


Table V. After completion of electrolyte balance studies, 


rABLE 
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rABLE II 


Aldosterone and corticosterone secretion after chronic thoracte 
caval constriction in dogs with bilateral denervation of 
the common carotid arteries, the carotid sinuses and 
the thyrocarotid arterial junctions 


Corticosterone 
secretion 


Aldosterone 
Dog secretion 


md min gis pe /min 
0.10 3.0 
0.13 | 


0.30 
0.35 
0.30 
0.53 
0.46 
0.135 
+0.056 


Dogs with chronic thoracic 
caval constriction 
stressed by laparotomy 


(n = 16) 


Normal dogs stressed by 
laparotomy (n = 26) 


2.34 
+0.84 


0.024 
+0.017 


the right adrenolumbar vein was cannulated under Na 
pentobarbital anesthesia in 4 of the dogs. After two 
groups of control samples of adrenal venous blood had 
been collected at 30-minute intervals, the right vagus 
nerve was sectioned at the level of the cricoid cartilage, 
and the splanchnic nerves were divided bilaterally at the 
point at which they emerge from beneath the crura of the 
diaphragm. In 3 of these 4 dogs, adrenal effluent was 
collected 60 to 90 minutes after splanchnic section and 
right vagotomy; in the fourth dog an indwelling catheter 
was placed in the right adrenolumbar vein, the abdominal 
incision was closed under sterile conditions, and adrenal 
collected 24 after the bilateral 


splanchnic nerve section and right vagotomy. 


effluent was hours 
In 1 dog 
aldosterone 


it was anticipated that the control rate of 


secretion would not be greatly elevated, since the in- 
ferior vena caval pressure had fallen to 120 mm of water 
at the time of adrenolumbar vein cannulation; therefore, 
to provide a stimulus for hypersecretion of aldosterone, 


2 hours after splanchnic section and right vagotomy this 


Effect of bilateral denervation of the common carotid arteries, the carotid sinuses and the thyrocarotid arterial 
junctions on electrolyte excretion in dogs with thoracic inferior vena caval constriction 





After thoracic inferior vena caval constriction 


Na excretion 


K excretion 


Dog Urine Feces Urine Feces 


mEq/day 
15.0 Zo 


mEq/day 
Zt 4.5 
[6] [6] 
2.8 8.4 
(S] [5] 
Lo 


23 
[3] [3] 





After thoracic inferior vena caval constriction 
plus carotid denervation 
Na excretion K excretion 


Urine Feces Urine Feces 


mEq/day mEq/« 
yA 2.1 16.0 
[6] [6] 
2.6 18.3 
45s fs) 
1.9 2.4 4.1 
[5] OJ] 
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Effect of aortic arch denervation on electrolyte excretion in dogs with thoracic inferior vena caval constriction 


After thoracic inferior vena caval constriction 


Na excretion K excretion 


Urine Feces Urine Feces 


mEq/day 
18.6 a2 


mkEq/day 
Zz 1.9 
[3] 
20.7 


2.: 
[3 


animal was subjected to acute hemorrhage with rapid 
removal of 250 ml of blood via the femoral vein. Adrenal 
venous blood was collected 35 to 50 minutes later. 

In Experiment 2 (7 dogs), to test further the hypothe- 
sis that baroreceptors in the carotid arterial tree are in- 
volved in regulation of aldosterone secretion, the acute 
effects of bilateral low cervical common carotid arterial 
corticosterone secretion 


aldosterone and 


After cannulation of the right adrenolum- 


constriction on 
were studied. 

bar vein under Na pentobarbital anesthesia, ligatures 
were placed loosely around the common carotid arteries 
low in the neck proximal to the thyrocarotid arterial 


junction; in 5 of the 7 dogs, cannulae were placed in the 


rABLE 


After caval constriction plus aortic denervation 
Na excretion K excretion 
Fecal 

Urine Feces ta/K 


Urine Feces 


mEq/day mEq/day 

6 / 19.8 2.4 
7] 
2. : : 6.3 0.1 


2 
37 


0.4 


lingual arteries bilaterally. Two groups of control sam- 
ples of adrenal venous blood were collected at approxi- 


mately 30-minute intervals, except in Dog in which 


i; 
12 minutes. 


the interval between control periods was 
After control collections, the carotid arteries were con 
collected 
40 to 70 minutes after carotid All blood 
removed during Experiments 2 and 3 was immediately 


Aortic and 


stricted proximally, and adrenal effluent was 


constriction. 
transfusions. 


with homologous 


lingual arterial pressures were measured with Statham 


replaced 
strain gage transducers and recorded continuously on 


a Sanborn recorder. 
Experiment 3 consisted of two acute studies designed 
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Effects of denervation of the common carotid arteries, the carotid sinuses and the aortic arch, and left vagotomy 
on electrolyte excretion in dogs with thoracic inferior vena caval constriction 


Na excretion K excretion Na excretion 


Dog Urine Feces Urine Feces Urine Feces 


mEq/day mEq/day mEq, day 


After carotid denerv. 5 
caval constrict. 


After carotid denerv. + 


16.7 0.8 0.7 


After thoracic inf. vena 
caval constrict. T 


After thoracic inf. vena 
caval constrict. 


0.7 19.8 0.18 


>| 
“4 


1.100 11.7 
[9] 


4.0 


Ss 


Ld “YT 


0.50 


* These figures in Dog 12 represent the 


After caval constrict. 
carotid denerv. 


\fter caval constrict. 
+ aortic denerv. 


K excretion Na excretion K excretion 


Urine Feces Urine Feces Urine Feces 


mEq/day mEq/day 

After carotid denerv. 
+ caval constrict. 

aortic denerv. 

+ left vagotomy 


mEq/day 


14.9 28.1 3.6 0.36 


After caval constrict. 
+ carotid denerv. 
+ aortic denerv. 
+ left vagotomy 


0.21 1.1 i435. 53.3 


[9] 


After caval constrict. 
+ aortic denerv. 
+ carotid denerv. 
+ left vagotomy 


IZA Sa 


22.9 3.0 0.23 5 : : 2a 


0.68 


average Na and K excretion for Days 23-28 inclusive (Figure 1). 
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EFFECTS OF BILATERAL CERVICAL CAROTID DENERVATION, THORACIC INFERIOR VENA CAVAL 
AND LEFT CERVICAL VAGOTOMY ON NA AND K_ EXCRE- 
NERVE SECTION AND RIGHT CERVICAL 


Fic. 1. 
CONSTRICTION, AORTIC ARCH DENERVATION 
TION, AND EFFECTS OF SUPERIMPOSED BILATERAL SPLANCH NIC 
VAGOTOMY ON ALDOSTERONE SECRETION. Observe the marked increase in Na excretion concur- 
rent with the fall in inferior vena caval pressure following aortic arch denervation and left 


cervical vagotomy, and the subsequent recurrence of almost complete Na retention concomitant 


with a spontaneous increase in inferior vena caval pressure (Dog 12 of Tables V and VI). 


that baroreceptors in the 
splanchnic circulation play a major role in regulation of 
secretion. After right 


under Na 


to examine the possibility 


aldosterone cannulation of the 
adrenolumbar vein pentobarbital anesthesia, 
ligatures were placed loosely around the base of the 
celiac axis and the superior mesenteric artery, and can- 
nulae were placed in secondary branches of these ar- 
teries. After two control collections of adrenal venous 
blood at 30-minute intervals, the ligatures were tightened 
to the extent that mean pressures in the celiac and su- 
perior mesenteric arteries fell to approximately one-half 
of the mean aortic pressure. One hour to 70 minutes 
after constriction of these arteries, adrenal venous blood 
was again collected for aldosterone and corticosterone 
determinations. Pressures in the aorta and in secondary 
branches of the celiac axis and the superior mesenteric 
artery were recorded continuously as in Experiment 2. 
RESULTS 

Experiment 1A. 

after cervical 


Thoracic inferior vena caval 


constriction carotid denervation. 


All animals achieved Na balance within 3 days 


after cervical carotid denervation. In every in- 


stance thoracic inferior vena caval constriction 


was followed by marked Na retention, both fecal 
and urinary, and rapid accumulation of ascitic 
fluid (Table 1). In the animals in which adrenal 
venous blood was collected (Dogs 1—3 of Table I), 
the rate of aldosterone secretion was greatly in- 
creased over the level observed in normal dogs 
stressed by laparotomy (Table I1) and was as 
high as or higher than the levels previously ob- 
served (7) in animals with intact baroreceptor 
areas, which had been subjected to chronic tho- 
racic inferior vena caval constriction. 

Experiment 1B. 
subsequent to thoracic inferior vena caval con- 


Cervical carotid denervation 
striction. After thoracic inferior vena caval con- 
striction, all animals showed marked Na retention 
and very low fecal Na/K ratios (9). Cervical 
carotid denervation had no effect on the virtually 
complete Na retention or on the low fecal Na/K 
ratio in any of the three dogs (Table III). 


Experiment 1C. 


Aortic arch denervation sub- 


sequent to thoracic inferior vena caval constric- 
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tion. Denervation of the ascending aorta, the 
aortic arch, the proximal two-thirds of the de- 
scending thoracic aorta and the brachiocephalic 
artery had no demonstrable effect on the marked 
Na/K ratio in 
dogs with thoracic inferior vena caval constriction 
(Table IV). 
Experiment 1D. 


aortic arch denervation, bilateral cervical vagot- 


Na retention and the low fecal 


Cervical carotid denervation, 


omy and bilateral splanchnic nerve section after 


thoracic caval constriction. Combined cervical 
carotid denervation, aortic arch denervation and 
left cervical vagotomy had no consistent effect on 
the marked Na retention and the low fecal Na/K 
ratio secondary to thoracic inferior vena caval 


(Table V). 


thoracic inferior vena caval constriction was per- 


constriction In Dog 11, in which 
formed 2 weeks after cervical carotid denervation, 


aortic arch denervation and right 


failed to the Na 
(Table V); inferior vena caval pressure in this 


subsequent 


vagotomy influence retention 
dog remained consistently above 200 mm of wa- 


ter for the 16 days of observations that followed 


JAMES O. DAVIS AND CARLOS R. AYERS 


thoracic caval constriction. In Dog 12, Na re- 
tention was almost complete after thoracic in- 
ferior vena caval constriction superimposed upon 
cervical carotid denervation. A definite increase 
in Na excretion was observed, however, 2 days af- 
ter left 
(Figure 1); Na excretion reached a maximum 
of 60 mEq on the seventh day after aortic dener- 


aortic arch denervation and vagotomy 


vation, after which virtually complete Na retention 
again occurred and continued for the remaining 
7 days of observations. It is noteworthy that a 
fall in inferior vena caval pressure (from a maxi- 
mum of 276 to a minimum of 190 mm of water) 
occurred following aortic denervation, concomitant 
with the that a 
spontaneous increase in venous pressure was ob- 


increase in Na excretion, and 
served concurrent with the restoration of Na re- 
tention. In Dog 13, neither cervical carotid dener- 
vation nor superimposed aortic arch denervation 
and left vagotomy influenced the marked fecal and 
urinary Na retention secondary to thoracic in- 
vena caval constriction 


ferior (Figure 2); in- 


ferior vena caval pressure remained consistently 
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SECRETION 


NORMAL DOGS 
STRESSED BY 
LAPAROTOMY 


BEFORE AFTER 
SPLANCHNIC 
NERVE SECTION 
+ RT. VAGOTOMY 
DENERVATION AND 


AORTIC ARCH 


DOG WITH INFERIOR VENA 


SPLANCHNIC NERVE 


THORACI« 
SECTION 
(Doc 13 ot 


BILATERAL AND 


RATE IN THE SAME DOG 





ARTERIAL BARORECEPTORS AND ALDOSTERONE SECRETION 


TABLE 


VI 


Effects of bilateral splanchnic nerve section and right cervical vagotomy on aldosterone and corticosterone 
secretion rates in dogs with chronic thoracic inferior vena caval constriction, chronic denervation of the 
cervical carotid and aortic arch baroreceptor areas and left cervical vagotomy 


Time* 


min 
0 
10 


20 Right cervical vagotomy and bilateral 
splanchnic nerve section 

24 hrs 

24 hrs 

0 

10 

5 Right cervical vagotomy and bilateral 
splanchnic nerve section 


5 Right cervical vagotomy and bilateral 
splanchnic nerve section 


5 Right cervical vagotomy and bilateral 
splanchnic nerve section 

11¢ 

11 

0 Acute hemorrhage (250 ml) 


1 
x 
1 
1 


( 
( 
Normal dogs stressed by laparotomy (n = 26) 


Dogs with chronic thoracic caval constriction stressed 
by laparotomy (n = 16) 


Adrenal blood 
flow 


Corticosterone 
secretion 


Aldosterone 
secretion 


pe /min ug/min ml/min 
0.10 nis 3.4 
0.09 1.4 3.2 


0.08 
0.09 


0.14 
0.20 


0.04 
0.05 


0.11 
0.07 
0.08 


0.024 
+0.017 
0.135 
+0.056 


*In Dog 12, adrenal vein blood was collected by chronic catheter 24 hours after right vagotomy and bilateral 
g ’ 1 4 


splanchnic nerve section. 
bilateral splanchnic nerve section, as indicated. 


In Dogs 13-15, blood was collected between 45 and 155 minutes after right vagotomy and 


t Blood pressure was maintained with norepinephrine after splanchnic nerve section in Dogs 14 and 15. 


above 205 mm of water in this animal, although 
a transient fall in vena caval pressure occurred 
on the third day after aortic denervation. In 
Dog 14, neither aortic arch denervation nor super- 
imposed cervical carotid denervation and _ left 
vagotomy affected the almost complete Na re- 
tention that resulted from thoracic inferior vena 
caval constriction; inferior vena caval pressure 
ranged between 230 and 240 mm of water in this 
animal. In Dog 15, a slight increase in urinary 
Na excretion (to a maximum of 11.9 mEq per 
day) and a more marked increase in fecal Na ex- 


cretion (to a maximum of 6.6 mEq per day) were 
noted after cervical carotid denervation and left 
vagotomy had been superimposed upon aortic 
arch denervation; however, this animal continued 
to show a strongly positive Na balance and to 
accumulate ascitic fluid throughout the period of 
observation. It is noteworthy that venous pres- 
sure decreased from 246 to 200 mm of water on 
the day following aortic denervation, concurrent 
with the increase in Na excretion, and persisted at 
the lower level throughout the remainder of the 


period of observations. 
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rABI Vit 


Aldosterone and corticosterone secretion rates, adrenal blood flows and mean aortic pressures before and 
40 to 70 minutes after bilateral proximal common carotid arterial constriction 


3 Carotid constriction 


7 Carotid constriction 


35 Carotid constriction 
85 
90 


0 
30 


41 Carotid constriction 
97 


101 


7 Carotid constriction 


118 
126 


0 


39 
53 Carotid constriction 


103 
112 


0 
30 
35 Carotid constriction 


105 
108 


Av., Ist control period 
\v., 2nd control period 
\v., after carotid constrict. 


Normal dogs stressed by 
laparotomy (n = 26) 


In Dogs 12, 13, and 14 the control aldosterone 
secretion rates were uniformly elevated (Table 
VI), and were in the range previously observed 
in dogs with intact baroreceptor areas subjected 
to thoracic inferior vena caval constriction (7). 
Superimposed acute right vagal section and _bi- 
lateral splanchnic nerve section had no effect on 
the hypersecretion of aldosterone in any of the 


Aldosterone Corticosterone Adrenal blood Mean aortic 
secretion flow blood pres. 


secretion 


pg/min pe/min ml/min mm He 


0.014 ¥ 2.0 92 
0.031 1. 19 90 


0.039 - és 105 
0.032 a : 98 


0.022 
0.026 


0.025 
0.028 


0.008 
0.005 


0.009 
0.005 


0.011 
0.014 


0.019 
0.020 


0.010 
0.022 


0.017 
0.018 


0.010 
0.020 


0.030 
0.035 


0.034 
0.044 


0.046 
0.045 


0.016 
0.023 
0.027 


0.024 2.34 
+0.017 +0.84 


three dogs, despite a marked fall in mean arterial 


pressure and a resultant decrease in adrenal blood 
flow in Dogs 12 and 13 (Table VI). In Dog 14, 
mean arterial pressure and adrenal blood flow 


were maintained at the control levels by means 
of a constant infusion of norepinephrine, In Dog 
15, in which the venous pressure had fallen to 
120 mm of water at the time of adrenolumbar vein 
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cannulation, the control aldosterone secretion rate 
was only slightly elevated and was not altered by 
acute right vagal section and bilateral splanchnic 
nerve section, but a definite increase in aldosterone 
secretion was observed after superimposed acute 
In all 


four dogs, control corticosterone secretion rates 


hemorrhage in this animal (Table V1). 


were within the range previously observed fol- 
lowing laparotomy in both normal dogs and in 
animals with thoracic inferior vena caval constric- 
(7). 
splanchnic nerve section, a slight decrease in the 


tion After right cervical vagotomy and 
rate of corticosterone secretion was consistently 
noted. 

Experiment 2, Acute effects of bilateral com- 
mon carotid arterial constriction on aldosterone 
secretion. Low cervical constriction of the com- 
mon carotid artery elicited the Hering reflex, 
causing an increase in systemic arterial pressure 
in six of the seven dogs, a transient decrease in 
mean lingual arterial pressure in all animals and 
a sustained fall in lingual arterial pulse pressure 
in all dogs. The average decrease in lingual ar- 
terial pulse pressure was from 27 to 7 mm Hg. 
The average rate of aldosterone secretion of 0.027 
pg minute after carotid constriction was 
slightly higher than the average control value of 
0.020 pg per minute (tf = 2.91; 0.05 > p> 0.02; 
Table VII). 


production for all periods in all dogs were within 


per 


However, the rates of aldosterone 


PABLE 
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ALDOSTERONE SECRETION 1167 
the range observed for normal animals stressed 
by adrenolumbar vein cannulation (mean, 0.024 

0.017 pg per minute, SD). It is noteworthy that 
the values for aldosterone secretion during the 
second control period were higher than those for 
the first control period in six of the seven dogs 
(t = 2.61; 0.05 > p> 0.02). 


5 and 7, Table VII), the aldosterone 


In five of the seven 
dogs (1 % 
secretion rate during the second control period 
was as high as the values observed after carotid 
constriction; in only two dogs (4 and 6, Table 
VII) were the experimental aldosterone secretion 
rates greater than the values obtained during the 
With the exception of 
Dog 4 and the first period for Dog 6, the control 


second control period. 


corticosterone secretion rates were at the high 
level characteristic of normal dogs stressed by 
In Dog 4, corti- 


costerone production was clearly increased after 


adrenolumbar vein cannulation. 


carotid constriction, and in Dog 6 the two experi- 


mental values for corticosterone output were 


values. This finding 
ACTH 


rotid constriction in Dogs 4 and 6, the two animals 


higher than the control 
suggests increased release of after ca- 
in which the values for aldosterone secretion dur- 
ing carotid constriction were higher than the con- 
trol values. 
Experiment 3. 
constriction of celiac and superior mesenteric ar- 


Acute effects of simultaneous 
The celiac and 


teries on aldosterone secretion. 


Vill 


Effects of proximal constriction of the celiac axis and the superior mesenteric artery on aldosterone and 
corticosterone secretion rates in normal dogs 


Mean 


superior 


Mean 


celiac 


Adrenal Mean 


mesenteric 


arterial 
pressure 


blood 
flow 


aortic 


pressure 


Corticosterone 
secretion 


Aldosterone 


Dog Time secretion 


mm He 
117 


mm Hg 
120 


mm He 
117 


min ug/min ug/min 


0 0.028 3.4 
24 0.012 5 2 


34 Constriction 


44 
100 
105 

0 0.024 
40 0.028 


0.019 
0.026 


48 Constriction 
58 
110 0.026 
1 0.024 


0.024 
+0.017 


Normal dogs stressed by 
laparotomy (n = 26) 
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superior mesenteric arteries were constricted to 
the extent that mean pressures in the secondary 
branches of these vessels decreased to one-half to 
two-thirds of the control mean arterial pressures ; 
concomitant with the fall in mean arterial pres- 
sure, a marked decrease in pulse pressure oc- 
curred with an average decrease from 30 to 10 
mm Hg. Constriction of the celiac and superior 


mesenteric arteries resulted in an increase in 


mean aortic pressure in both dogs; an average 
increase of 20 mm Hg was observed within 2 
minutes after constriction of the vessels, and this 
increase was sustained throughout the period of 
constriction. Control aldosterone secretion rates 
in both animals were in the range observed in 
normal animals stressed by laparotomy, and no 
change occurred within 70 minutes after con- 
striction of the celiac and superior mesenteric ar- 
teries (Table VIII). 
cretion rates were likewise in the range observed 


Control corticosterone se- 


in normal animals stressed by adrenolumbar vein 
cannulation ; no consistent change in corticosterone 
secretion occurred after celiac and superior mesen- 


(Table VIII). 


teric arterial constriction 
DISCUSSION 

Several investigators have postulated that al- 
dosterone secretion is regulated by a_ neural 
mechanism which involves a peripheral receptor 
and central nervous system integration, but the 
components of this hypothetical system have re- 
mained elusive. Epstein and co-workers (1), 
on the basis of observations that a “tendency to- 
ward inadequate filling of the systemic arterial 
tree” is a factor common to those circulatory 
states in which the kidneys retain abnormal 
amounts of Na, suggested that receptors mediating 
Na conservation are located in the arterial tree. 
Barger and colleagues (5) pointed out that Na 
retention is found in a number of diverse condi- 
tions in which carotid sinus baroreceptor activity 
is decreased and suggested that carotid sinus 
baroreceptors may initiate impulses which pro- 
vide the afferent limb of the reflex arc responsible 
3artter and colleagues 
(6) have proposed that receptors located at the 


thyrocarotid arterial junction initiate impulses 


for aldosterone secretion. 


which lead to hypersecretion of aldosterone after 
thoracic caval constriction and after common caro- 
tid arterial constriction in the dog. Gann and 
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Bartter (10) reported that denervation of the thy- 
rocarotid arterial junction baroreceptor area pro 
duced an acute transient increase in the secretion 
rate of aldosterone, but that the aldosterone se- 
cretion rate was normal 1 week after the dener- 


Gann (2) have 


sartter and 
that 
nervous pathways arising at the thyrocarotid ar- 


vation procedure. 
further reported interruption of afferent 
terial junction prevented an increase in aldosterone 
secretion rate following acute constriction of the 
thoracic inferior vena cava and that denervation of 
the thyrocarotid arterial junction in two dogs 
with ascites secondary to thoracic inferior vena 
caval constriction resulted in natriuresis. 

The results of Experiment 1A of the present 
study demonstrate that complete bilateral dener- 
vation of the carotid baroreceptor areas does not 
prevent the hypersecretion of aldosterone and the 
follow 
the 
These results are in agreement with those 


virtually complete Na _ retention which 


thoracic inferior vena caval constriction in 


dog. 
previously reported by Davis and co-workers 


(4). 


of Bartter and Gann (2), in which denervation of 


The most likely explanation for the results 


the thyrocarotid arterial junction was followed by 
natriuresis in two dogs with chronic thoracic in- 
ferior vena caval constriction, is that a spontaneous 
fall in inferior vena caval pressure occurred fol- 
lowing the denervation in the two dogs reported. 
Although venous collateralization with a concur- 
rent drop in venous pressure, natriuresis, and 
loss of ascitic fluid is a common occurrence in the 
dog with thoracic inferior vena caval constriction 
did 
not report measurements of venous pressure. In 
the acute studies of Gann and Bartter (10), in 
which aldosterone secretion appeared to increase 


(personal observations), Bartter and Gann 


as a result of thyrocarotid arterial denervation, no 
control observations were reported in which the 
nerve was not sectioned. Another interpretation 
of their data is that the surgery required for adre- 
nolumbar vein cannulation and denervation stimu- 
lated the release of ACTH with a resultant transi- 
ent increment in aldosterone secretion. In Ex- 
periment 2 of the present study, the frequent 
finding of an increase in aldosterone secretion 
rate between the first and second control periods 
is probably attributable to ACTH release sec- 
ondary to laparotomy and adrenolumbar vein 
cannulation. 
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Our results from proximal constriction of the 
common carotid artery support the findings of 
the above denervation experiments. After carotid 
constriction, a marked reduction in pulse pres- 
sure and a moderate to slight reduction in mean 
arterial pressure in the area of the carotid sinus 
and the thyrocarotid arterial junction occurred. 
A small increase in aldosterone production was 
observed in only two of seven animals, and the 
present data suggest that this increment was sec- 
These 
results are in contrast to the data of Bartter and 


ondary to increased release of ACTH. 


co-workers (6) who reported that bilateral caro- 
tid constriction consistently increased aldosterone 
secretion in dogs with intact baroreceptor areas. 
A likely explanation for the findings of Bartter and 
associates is that the observed increase in aldo- 
sterone production was caused by increased release 
of ACTH. 

the report of 


Consonant with this explanation is 

siglieri and Ganong (11); these 
investigators observed an elevation in the rate of 
aldosterone secretion after proximal common 
carotid constriction in the normal dog, but found 


that aldosterone production failed to increase after 


similar carotid arterial constriction in the hypophy- 


sectomized dog. On the basis of available evi- 
dence, it is concluded that if carotid arterial baro- 
receptors influence aldosterone secretion, the effect 
is mediated acutely via the ACTH mechanism. 
The small and inconsistent changes observed fol- 
lowing carotid constriction in the present study 
make it doubtful that carotid arterial baroreceptors 
play a significant physiological role in the regula- 
tion of aldosterone secretion. 

The results of Experiment 1C of the present 
study, in which denervation of the aortic arch had 
no effect on the observed Na retention in two dogs 
with chronic thoracic inferior vena caval con- 
striction, demonstrate that the aortic arch barore- 
ceptors are not essential to almost complete Na 
The 
present results are consistent with the findings of 
Sartter and Gann (2) and of Davis and associ- 


retention in the dog with caval constriction. 


ates (4) that bilateral vagotomy with destruction 
of afferent fibers from the aortic arch barorecep- 
tors failed to prevent the rise in aldosterone se- 
cretion that results from thoracic inferior vena 
caval constriction in the dog. 

If arterial receptors responsible for hypersecre- 
tion of aldosterone originated in both the carotid 
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and the aortic baroreceptor areas, then it is pos- 
sible that compensation by the aortic receptors 
would prevent a protracted alteration in aldo- 
sterone secretion after denervation of the carotid 
baroreceptor areas. Such a compensatory mecha- 
nism by intact aortic baroreceptors has been 
shown to prevent a sustained rise in blood pres- 
sure after bilateral carotid sinus denervation (12, 
13). 
effects of denervation of both the carotid and the 


To examine this possibility, the combined 


aortic baroreceptor areas on Na excretion in the 
dog with thoracic inferior vena caval constriction 
The fact that Na 
continued unabated after this extensive denerva- 


were investigated. retention 
tion procedure in four of the five dogs (Table V) 
demonstrates clearly that baroreceptors in the 
aortic arch and the carotid arterial tree are not 
essential to the Na 
thoracic 


from 
the 
The most likely explanation for the transi- 


retention that results 


inferior vena caval constriction in 
dog. 
ent increase in Na excretion in Dog 12 is that the 
observed natriuresis resulted from the transient 
fall in inferior vena caval pressure. 
After the that 


arch nor common carotid baroreceptor areas are 


demonstration neither aortic 
essential to the Na retention secondary to thoracic 
caval constriction, the possible role of abdominal 
The 


corpuscles in proximity to the mesenteric arterial 


baroreceptors was investigated. Pacinian 
tree were found by Gammon and Bronk (14) to 
have a characteristic discharge of impulses influ- 
enced by blood volume, mean arterial pressure 
and pulse pressure; action potentials from these 
the 
Heymans, Bouckaert, Farber and Hsu 


receptors were recorded from splanchnic 
nerves. 
(15) later confirmed the presence of these baro- 
receptors in the mesenteric circulation. These 
abdominal baroreceptors decrease the rate of dis- 
charge of impulses under certain circumstances 
(e.g., hemorrhage) in which hypersecretion of al- 
dosterone and Na retention have been observed. 
Thus, the abdominal baroreceptors, either alone 
or in conjunction with the cervical carotid and 
aortic arch baroreceptors, might possibly form the 
afferent limb of a nervous mechanism that regu- 
lates aldosterone secretion. If the splanchnic 
baroreceptors functioned in conjunction with the 
cervical carotid and aortic arch baroreceptors in 
the regulation of aldosterone secretion, then these 


abdominal baroreceptors might play a more im- 
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portant role after denervation of the aortic arch 
and the carotid arterial tree ; for it has been shown 
that the splanchnic baroreceptors in the dog exert 
a much greater effect on systemic arterial pres- 
sure after carotid sinus denervation and bilateral 
vagotomy (16). 
sults, however, demonstrate that bilateral splanch- 


The present experimental re- 


nic nerve section, with interruption of a major 
portion of the afferent impulses from abdominal 
baroreceptors, has no effect on the hypersecre- 
tion of aldosterone observed after chronic tho- 
racic inferior vena caval constriction in dogs 
with chronic denervation of the cervical carotid 
and aortic arch baroreceptor areas. These ob- 
servations are in accord with the data obtained 
from Experiment 3, in which marked reductions 
in mean arterial pressure and pulse pressure in 
the mesenteric arterial tree were without effect 
on the rate of aldosterone secretion. The report 
of Holzbauer and Vogt (17) that bilateral splanch- 
nic nerve section in the dog prevented an increase 
in aldosterone secretion after acute hemorrhage 
has suggested that abdominal arterial receptors 
are essential to the increased aldosterone secre- 
tion that is observed after acute blood loss. It 
should be pointed out, however, that bilateral 
splanchnic nerve section results in a marked de- 
crease in adrenal blood flow (see Dogs 12 and 13 
of Table VI). 
posed an additional reduction in arterial pressure 
and adrenal blood flow, this might curtaii adreno- 


If acute hemorrhage superim- 


cortical steroidogenesis and account for the fail- 
the 
experiments reported by Holzbauer and Vogt 
(17). 
periment 1D, in which norepinephrine was used to 


ure of aldosterone secretion to increase in 


The results obtained from Dog 15 of Ex- 


maintain adrenal blood flow at control levels after 
bilateral splanchnic nerve section and subsequent 
hemorrhage, demonstrate that the animal main- 
tained the ability to respond to hemorrhage by an 
increase in aldosterone secretion rate after cervical 
carotid denervation, aortic arch denervation, bi- 
lateral vagotomy and bilateral splanchnic nerve 
section. 


SUM MARY 


Extensive denervation of the central arterial 


tree, including both the cervical carotid and the 
aortic arch baroreceptor areas, failed to prevent 
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the hypersecretion of aldosterone and _ virtually 
complete Na retention that results from thoracic 
inferior vena caval constriction in the dog, and 
superimposed bilateral vagotomy and_ bilateral 
splanchnic nerve section did not affect the in- 
creased secretion of aldosterone observed in these 
animals. After the denervation procedures, acute 
hemorrhage in one dog resulted in an increase in 
the rate of aldosterone secretion which was simi- 
lar to that observed following hemorrhage in 
dogs with intact baroreceptor areas. Bilateral 
low cervical carotid arterial constriction resulted 
in an increase in aldosterone production in two 
of seven dogs; in both animals, the change ap- 
peared to be mediated via increased ACTH re- 
lease. Simultaneous constriction of the celiac 
axis and the superior mesenteric artery had no 
effect on aldosterone secretion. These data offer 
no support for the concept that arterial baro- 


receptors constitute the afferent limb of a reflex 


arc concerned with the primary regulation of 
aldosterone secretion. 
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The demonstration by Polonovski, Jayle, Bous- 
sier and Badin (1, 2) that certain plasma proteins 
have the property of binding extracorpuscular 
hemoglobin has led to recent re-evaluation of the 
mechanisms of renal transport of hemoglobin in 
Lathem (4) showed 
that circulating extracorpuscular hemoglobin is 


the dog (3) and in man (4). 


bound quantitatively to the a,-globulin, hapto- 
globin. By utilizing the infusion of autogenous 
hemoglobin solution, Lathem demonstrated that 
in man: 7) no unbound hemoglobin is found in 
the circulation until the plasma hemoglobin-bind- 
ing capacity is saturated; 2) hemoglobinuria does 
not occur unless unbound hemoglobin is present 
in the circulation; and 3) neither protein-bound 
hemoglobin nor methemalbumin appears in the 
urine during hemoglobinuria. 

From the relationship between changing con- 
centration of unbound hemoglobin in the plasma 
(AP ree ny) and urinary excretion rate (AU free nyV ) 
an estimate of the glomerular clearance of hemo- 
globin (C%rree wy) may be obtained. As defined 
by Lathem (4), glomerular clearance of free he- 
moglobin =AU free Hp V/AP free Hb- 

Previous studies from this laboratory (5, 6) 
have demonstrated a sytematic decrease in glo- 
merular filtration rate, effective renal plasma flow 
and various tubular transport maxima with age. 
A progressive loss of whole nephrons with aging 
Little is known of the 
effect of aging on the permeability characteristics 
Everitt (7) 
reported a tenfold increase in the daily excretion of 


has been proposed (5). 


of the glomerular membrane. has 
urinary protein nitrogen from youth to senility 
in the rat. Studies in mice by Thung (8) have 
demonstrated both qualitative and quantitative 
changes in proteinuria in older animals, but the 
relationship of these changes to glomerular perme- 

* Present address: Department of Medicine, Bellevue 
Hospital, New York, N. Y, 


ability is not clearly established. This study was 
undertaken in order to determine whether there 


is any systematic age difference in glomerular 


permeability to hemoglobin in healthy adults free 


of clinical renal disease. 


METHODS 


a7) 
wards of the 


Subjects. All subjects (n were ambulatory 
males from the 
Hospitals or the Infirmary (Old People’s Home). All 


subjects conformed to the following criteria: 17) lack of 


chosen 3altimore City 


any history of renal disease; 2) normal blood urea ni- 
trogen or nonprotein nitrogen; 3) absence of proteinuria 
(heat and acetic acid or sulfosalicylic acid tests) ; and 
4) auscultatory diastolic blood pressure not above 90 
mm Hg. All patients were afebrile at the time of test- 
ing. Patients from the tuberculosis wards had received 
no streptomycin, kanamycin or adrenocortical steroids 
The control values for inulin clear- 
(Cran) 
agreed 


for at least 5 years. 
(Cin) and para-aminohippurate ciearance 
(corrected to 1.73 m* Table I) 
closely with those previously reported by Davies and 
Shock (6). 

Experimental procedure. 
with 2 g of sodium bicarbonate by mouth every 4 hours, 
All pa- 
tients were in the fasting state and remained supine with 
the head of the bed at 0° to 15° throughout the study. 
Subjects were given 600 to 800 ml of water orally 1 to 


ance 


surface area; 


Patients were pretreated 


beginning at noon of the day prior to testing. 


2 hours before study and 200 ml each half hour during 
the test. 
to the constant infusion technique of 
and Chasis (9), with an indwelling multieyed urethral 


Clearance studies were carried out according 
Smith, Goldring 


catheter. 

For each subject the plasma hemoglobin-binding ca- 
pacity was determined, prior to testing, by a modifica- 
tion of the method described by Lathem and Worley 
(10). After one 15-minute period for the determina- 
tion of control inulin and PAH clearance, a priming 
dose of autogenous hemoglobin solution prepared as de- 
scribed below was infused. The quantity of hemoglobin 
was calculated in each case on the basis of the plasma 
hemoglobin-binding capacity, and was administered at 
a rate that would achieve saturation of the total circu- 
lating haptoglobin in 20 to 30 minutes. The priming 


dose was followed by a constant infusion of hemoglobin 
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rABLE I 


Renal function of normal males from Davies-Shock series 
compared with present studies 


Data of 
Davies and 
Shock (6) 


Present 
study 


Number of subjects 70 47 


Glomerular filtration rate 

(ml/min/1.73 m? surface area ) 
—0.68 
—0.96 


R =correlation with age* 
Slope of regression on age 
(ml/yr) 
Value at age 55 calcu- 100.4 
lated from regression 
(ml/min) 
Effective renal plasma flow 
(ml/min/1.73 m? surface area ) 
—0.65 


—6.44 


R =correlation with age 
Slope of regression on age 
(ml/yr) 
Value at age 55 calcu- 486.0 
lated from regression 
(ml/min) 


* Statistical methods (29). 


at a rate of 40 to 80 mg per minute to insure a gradual 
rise in plasma hemoglobin concentration which attained 
a mean maximal value of 178 + 67 mg per 100 ml (SD). 
Eight to twelve 15-minute urine collections were carried 
out, and blood samples were taken at the midpoint of 
each collection period via an indwelling needle in the fe- 
moral artery or vein. Auscultatory blood pressure and 
radial pulse were recorded near the midpoint of each 
urine collection period. 

Preparation of hemoglobin solution. Fifty to 75 ml 
of the patient’s blood was introduced into each of two 
sterile 250 ml Pyrex centrifuge bottles to which 75 ml 
of sterile acid citrate dextrose solution had been previ- 

Aiter 2,000 rpm_ for 
supernatant and 150 ml of 
After 


ously added. centrifugation at 
1 hour, the 


distilled water was added to lyse the red cells. 


was removed 
freezing and thawing to increase hemolysis, hypertonic 
This mixture 
2,000 


saline was added to achieve isotonicity. 
was centrifuged for 2 hours at 0° C and rpm, 
The supernatant hemoglobin solution was separated and 
stored at 4° C for a maximum of 24 hours before use. 
Analytic methods. Inulin in protein-free filtrates of 
urine and plasma was determined by the method of Har- 
rison (11) and para-aminohippurate by the method of 
Bratton and Marshall (12). 
was measured by a modification of the method of Mc- 
Call (13) and urine hemoglobin concentration determined 
by the method of Crosby and Furth (14) after overnight 
dialysis of urine against isotonic saline. 
hemoglobin in 


Total serum hemoglobin 


Free and serum 
samples were separated by filter paper electrophoresis in 


(pH 7.0, 


haptoglobin-bound 


a Durrum-type cell with a phosphate buffer 
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ionic strength 0.10) for a period of 16 hours. The paper 
115° .C tor 15 


stained by thorough spraying with a 1:1 


strips were oven-dried at minutes and 
mixture of 1 
per cent H,O, and 1 per cent benzidine base in 90 per 
cent acetic acid. The relative proportions of free and 
protein-bound hemoglobin were evaluated in quadrupli- 
(Spinco Analytrol) 


cate by photometric scanning with 


3 Methemalbumin was never more than 1 per 


a B-5 cam. 
cent of the total hemoglobin and was not considered in 
the calculations. 

of data. 


hound hemoglobin concentration and the 


Treatment For each study, the plasma un- 


urinary hemo 
globin excretion per milliliter of glomerular filtrate (to 
eliminate fluctuations due to emptying errors and tim 
ing) were plotted graphically and a straight line drawn 
by visual fit. The glomerular clearance of unbound he- 


moglobin relative to inulin (C%¢rree uz/Cm) was calecu- 


lated from the slope of this line: 


r Al ree HpV ee 
ne OP teu Ht 


The tubular reabsorption of hemoglobin 


(J free HB) 


rate of 
was calculated as the difference between the 


filtered load and the urinary excretion rate for each 


collection period and the mean value calculated: 
> tree HI 
is 


Ce, b . , A 
-[ a - X Cia X Pir ms | - Utree nbV [3] 
In 


filtered load 


> 
(mg/min) X Prree Hb 


4 Ci 


Tuo 
(mg/min) 


RESULTS 


Glomerular clearance of hemoglobin relative to 
inulin. In 51 of the 59 studies carried out, the 
graphic relationship between urinary excretion and 


plasma levels of free hemoglobin was linear (Fig- 
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PERIOD 


? 


DURING INFUSION 
(Cin) 


are expressed in ml/min 


Fic. HEMODYNAMIC CHANGES OF 


HEMOGLOBIN SOLUTION. Clearances of inulin and 


(Cran) 
It can be seen that the maximal hemodynamic changes 


para-aminohippurate 


occur during the priming infusion of hemoglobin solution 
little 


the period of hemoglobinuria, there is 


Can, Cran 


tive experiment). 


During 


change in or filtration fraction (representa- 


ae 


observed hemoglobinuria represents the excretion 


ure This linearity strongly suggests that the 
of a substance whose reabsorptive threshold is 
exceeded rather than the result of some “toxic” 
effect of the hemoglobin on the glomerular mem- 
brane (15). 

As Lambert and Grégoire (16) have demon- 
strated, the linearity of this relationship is affected 
by changes in glomerular hemodynamics. In our 
studies, marked changes occurred in glomerular 
hemodynamics (see below) but, as can be seen in 
) 


Figure 2, these changes occurred for the most 


part before the onset of hemoglobinuria, and re- 
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AGE (yrs.) 
THE 
CLEARANCE OF 
(CS ¢re0e np/Cin) 
EXPERIMENT. 


Fic. 3. RELATIONSHIP BETWEEN GLOMERULAR 


RCLATIVE 
POINT 


HEMOGLOBIN TO INULIN 


AND AGE. EACH REPRESENTS 


ONE 


nal plasma flow and glomerular filtration rate 
were relatively stable thereafter. 

The results of these studies are shown in Fig- 
ure 3 and Table II. There was no significant cor- 
relation between age and glomerular clearance of 
hemogiobin relative to inulin (R = — 0.057, p > 
0.5). The mean for the entire group was 
CS, ce Hb/Cm = 0.055 = 0.019 (SD) which is in 
close agreement with the value of 0.051 + 0.01 
reported by Lathem (4) for a group of 10 healthy 
men ranging in age from 18 to 48 years. 


Considerable variability was noted in the re- 


sults obtained for four patients studied on two 
occasions (Table III). This variability of dupli- 
cate measurements was also noted by McDonald, 
Miller and Roach (17). 

Renal tubular reabsorption of free hemoglobin. 
The tubular reabsorption of free hemoglobin was 
calculated as the difference between filtered load 
and urinary excretion (Equations 2 and 3) for 


II 


Correlation of the clearance ratio of free hemoglobin to inulin and Ty» with age 


0.053 


0.064 
0.063 
0.051 
0.055 
0.058 


° i ed 


oo = 


77) 


0.050 


Range 


min 


0.019-0.092 
0.023—0.062 
0.039-0.091 
0.044-0.099 
0.034—0.095 
0.030—0.072 
0.029-0.067 


Mean 0.055 


Mean inulin clearance during the periods of hemoglobinuria. 
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rABLE III 


Values for CS free Hp/Cin and Ty» obtained on 
repeat tests 


Subject CG free Hb/CiIn TH 
mg/min 
0.099 3.18 
0.055 
0.034 
0.048 
0.035 
0.059 
0.058 
0.077 


Ade 11/24/59 
2/ 9/60 
7/21/59 
3/22/60 
3/10/59 
2/ 9/60 

Sie 3/17/59 

3/14/60 


Lee 


Reu 


the 34 experiments in which the ratio exceeded 3 
(load Ty; Table II). There was no significant 
correlation with age (R = 0.092, p>0.5). The 
mean value for the entire group, Trree ny» = 1.43 
+ 0.96 mg per minute, may be compared with that 
reported by Lathem (4) (1.30+0.9 


minute ) 


mg per 


Hemodynamic changes. The intravenous ad- 
ministration of a solution of autogenous hemo- 
globin, containing also those erythrocyte compo- 
nents that did not sediment with the erythrocyte 
stroma, consistently resulted in the following 
changes: 7) decrease in Cj,; 2) decrease in Cpay; 
and 3) increase in filtration fraction (Figure 2). 
Although the renal extraction of para-aminohippu- 
rate was not measured, the studies of Miller and 
McDonald (18) and Brandt, Frank and Lichtman 
(19) suggest that the fall in Cpay after adminis- 
tration of hemoglobin represents a true decrease 
in renal plasma flow. Table IV shows the changes 
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It may be seen that the maximal decrease in Cin 
and Cpan averaged 36 and 56 per cent, respec- 
tively. The maximal increase in filtration frac- 
tion averaged 50 per cent. Only the latter showed 
a significant correlation with age (R = — 0.407, 


p < 0.005). 
DISCUSSION 


Knowledge of the mechanism of transglomerular 
transport of both large and small molecules is at 
present incomplete. Chinard (20) has proposed 
that substances pass across the glomerular mem- 
brane by a process of diffusion through a gel or 
fine lattice structure. The “pore theory” as pro- 
pounded by Pappenheimer, Renkin and Borrero 
(21, 22) 


substances through pores whose total area con- 


envisions transport of lipid-insoluble 


stitutes only a small fraction of the surface area 
of the glomerular membrane. It has been demon- 
strated that the rate of transglomerular transport 
of various substances is influenced by changes in 
(23, 24) 


conditions which would be expected to produce 


the glomerular membrane and under 
pressure changes within the glomerulus (16, 25, 
26). 

In the present study we have not been able to 
demonstrate a significant age trend in glomerular 
clearance of hemoglobin relative to inulin (sieving 
ratio). We have examined our data to determine 
whether there was any systematic difference in 
the hemodynamic response to hemoglobin infusion 


which might mask a systematic change in mem- 


observed in Cy,, Cpan and filtration fraction (FF). brane permeability. Such a factor might be ex- 


TABLE IV 


Correlation of hemodynamic changes with age and glomerular clearance of hemoglobin induced by infusion of hemoglobin 


Cr: CpaH Filtration fraction 


\ge Control* Maximumt Change Control* Maximumt Change Control* Maximumt Change 


by ‘ ml mtn ml min 
— 39 641 250 

—37 610 261 0.21 
— 34 541 214 0.20 
— 34 464 214 : 0.23 
— 30 366 179 0.25 
—49 364 135 0.24 
—44 219 104 0.27 


—37+12 


Correlation with age NS NS —0.41t 
Correlation with Cpe H/Cin NS NS NS 


yrs ml/min ml/min 
20-29 125 76 
30-39 119 75 
40-49 106 69 
50-59 69 
60-69 61 
70-79 43 
80-89 : 5 33 


Mean 


61 
54 
69 
51 
46 
39 


20 


0.20 


em DO bo 


WW WW WW WwW 
ww 


—56+10 50+27 


* Clearance prior to hemoglobin infusion. 
+ Mean of two consecutive periods with maximal displacement from control. 
tp < 0.005. 
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pected to correlate significantly with age and with 
CS sree Hp/Cm. Table IV shows that none of the 
hemodynamic parameters examined, i.e., ACyn, 
ACpan or AFF, shows a significant correlation 
While our results 


indicate no systematic age difference in glomeru- 


with both age and Cy,/Cm. 


lar permeability to hemoglobin, the limitations of 
the method used here for determination of glo- 
merular permeability, with regard to reliability 
and the influence of changes in glomerular he- 
modynamics, do not permit us to rule out with 
certainty some changes in glomerular permeability 
to hemoglobin with age. 

In the present studies, renal tubular reabsorp- 
tion of unbound hemoglobin averaged 1.43 + 0.96 
The 


estimation of tubular reabsorption of hemoglobin 


mg per minute with a range of 0.06 to 4.41. 


is based on the arithmetic difference between two 
variables—filtered load and urinary excretion— 
both of which are considerably greater in magni- 
tude than their difference. Because of the er- 
rors inherent in the measurement of these two 
variables, estimation of the magnitude of tubular 
reabsorption shows considerable variability. It 
should be noted that in every subject examined in 
our study, there was some physiologic evidence of 
reabsorption of hemoglobin. Morphologic evi- 
dence presented by Rather (27) and summarized 
by Smith (15) supports the concept that tubular 
reabsorption of hemoglobin occurs to some de- 
gree. Recently, Lathem, Davis, Zweig and Dew 
(28) have found evidence of proximal tubular re- 
absorption of hemoglobin during stop flow experi- 
ments in the dog. The fact that tubular reab- 
sorption of hemoglobin in the dog can be demon- 
strated by stop flow analysis but not by standard 
clearance procedures (3) suggests that perhaps 
the reabsorptive process approaches equilibrium 
very slowly. This factor of time of contact be- 
tween tubular contents and renal epithelium has 
not been evaluated in the present work. 


SUMMARY 


1. The glomerular clearance of free hemoglobin 
(( tres Hb ‘{ ia? 
in 47 adult males free of demonstrable renal dis- 


relative to inulin was measured 
The average value of C%p.ee,/Cm was 
0.055+0.019. No 


‘ree HD/Cm and age was found. 


ease, 
significant correlation be- 


tween C 
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2. The estimation of renal tubular reabsorp- 
tion of free hemoglobin in 34 patients, in whom 
the ratio of filtered load to reabsorption exceeded 
3, averaged 1.43+ 0.96 mg per minute with a 
range of 0.06 to 4.41. 

3. On the basis of these studies we have not 
been able to demonstrate a significant correla- 
tion between age and glomerular permeability to 
hemoglobin. of the 
method for the determination of glomerular per- 
meability, we cannot say with assurance that some 


Because of the limitations 


systematic change in glomerular permeability with 


age does not exist. 

4. Additional evidence for renal tubular reab- 
sorption of hemoglobin is provided by the pres- 
ence of a measurable Ty, in every case studied. 
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PHOSPHORYLATED CARBOHYDRATE INTERMEDIATES OF THE 
HUMAN ERYTHROCYTE DURING STORAGE IN ACID 


CITRATE DEXTROSE. I. 
INOSINE AT THE 


TION OF 


EFFECT OF THE ADDI 


BEGINNING OF 


STORAGE * 


By A. WILLIAM SHAFER 


(From The 


(Submitted for publication January 9, 1961; 


The post-transfusion survival of stored human 
or rabbit erythrocytes can be influenced favorably 
by the addition of certain purine nucleosides to the 
had 


earlier that the water-soluble organic phosphates 


preserving solution (1-5). It been noted 
of the erythrocyte disappeared to a large extent 
during storage (6), but nucleosides have been 
found to retard this change and, if added late in 
storage followed by a short incubation at 37° C, 
they bring about appreciable resynthesis of the 
organic phosphate (7-10). 

Karly studies on the nature and changes of the 
phosphate compounds of the erythrocyte during 
storage were performed for the most part by us- 


ing hydrolysis rates and paper chromatography 


(1, 2, 7-9). 


Recently improved technics for the 
isolation and identification of the metabolic in- 
termediates, which use columns of ion exchange 
resin and more specific chemical and enzyme 
analytical methods, have greatly extended our 
knowledge of the normal carbohydrate intermedi 
ates of the human erythrocyte and make possible 
a more detailed analysis of changes occurring dur- 
ing storage (11-18). 

We have previously reported on the phos- 
phorylated carbohydrate intermediates of the rab- 
bit erythrocyte during storage with and without 


(19). The 


similar study in which the glycolytic intermedi- 


inosine present paper describes a 


ates and nucleotides of human erythrocytes were 
analyzed at biweekly intervals during 8 weeks 
of storage at 4° C in acid citrate dextrose (ACD) 
and in ACD plus inosine (ACDT). 


* Supported by the US Army Medical Research and 
Development Command, Office of the 
National Heart Institute. 


Surgeon General, 


and by the 


Scripps Clinic and Research Foundation, La Jolla, 


AnD GRANT R. BARTLETT 


lla, Calif.) 


accepted March 16, 1961) 


METHODS 


From each of 2 healthy male donors who had normal 


blood counts, 480 ml of blood was drawn by vacuum into 
standard blood bottles 
ACD (NIH formula B). Inosine which had been guto- 


claved in normal saline in a concentration of 40 mg. per 


storage containing 120 n:l of 


ml was added to one sample in the amount of 4 mg (15 
umoles) per ml of blood; 100 ml of the ACD-blood mix- 
ture was removed aseptically from each sample for as 
say immediately and after 2, 4, 6, and 8 weeks of stor- 
age at 4° C. 

The blood samples were centrifuged, plasma and buffy 
with 


with 2 


coat removed, and the erythrocytes washed once 


normal saline. The erythrocytes were mixed 
vol of 10 per cent trichloroacetic acid (TCA), the mix- 
ture centrifuged, and the precipitate re-extracted with 
TCA. The above procedures were carried 
cold The TCA 
The erythrocyte extracts were neutralized, diluted 4-fold, 
Dowex 1 X 8- 


The columns were eluted 


5 per cent 


out in the was removed with ether. 


and run through 1 * 15 cm columns of 


chloride (60 to 80 wet mesh). 
at a rate of 2.5 ml per minute with solutions of HCl and 


> 


NH,CIl, as shown in Figures 1 and 2, which were collected 


in approximately 20-ml aliquots. The fractions eluted 
HCl 
improve the separation, the compounds in the 0.01 and 


0.02 N HCl 


on columns of 


with were neutralized shortly after collection. To 


elution sections were rechromatographed 


Dowex 1-formate. The eluates of each 
section were combined, diluted 4-fold and passed through 
1 x 15 cm columns of Dowex 1  8-formate (100 to 325 
wet mesh) and eluted with linearly increasing concentra- 
tions of formic acid or ammonium formate buffer. 

All fractions were analyzed for total phosphorus and 
for optical density at 260 my. The phosphorus peaks 
their elution positions as 


Nu- 


cleotides were identified by their ultraviolet spectra and 


were identified tentatively by 
determined previously with reference compounds. 
by the ratio of adenine to total phosphorus to ribose 
The sugar phosphates were identified by their reactions 
(20), (21), 


reactions 


in the anthrone carbazole cysteine-sulfuric 


acid (22), and orcinol (23) Confirming en 


zyme assays were carried out for adenosine triphosphate 


(ATP) with hexokinase, for adenosine diphosphate 
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Fic. 1. JoN-EXCHANGE CHROMATOGRAPHS OF TRICHLOROACETIC ACID EXTRACTS O} 
HUMAN ERYTHROCYTES STORED IN ACID CITRATE DEXTROSE (ACD) For 0, 14, 28, 42, 
\ND 56 DAYS. The data are plotted in mumoles per ml of eluate (calculated for 1 ml 
of erythrocytes). Total phosphorus (TP), @; adenine (from the optical density at 
260 mu), ©: inorganic phosphate (Pi), _). Abbreviations: G1,6P, glucose-1,6-di- 
phosphate; DPG, 2,3-diphosphoglycerate; ADP, adenosine diphosphate; IMP, inosine 
monophosphate; ATP, adenosine triphosphate; AXP, unknown nucleotide 


(ADP) with hexokinase and myokinase, and for glu- RESULTS AND DISCUSSION 

cose-6-phosphate with glucose-6-phosphate dehydrogenase. Ps B A ‘ ‘ 

; ' , “Sae . % ; Che results of assavs of blood stored in ACD 
More detailed descriptions of the methods are given : 

elsewhere (11-14) and are the same as those we used 

previously in a similar study of rabbit blood (19). 


alone and in ACDI are presented in Figures 1 
and 2. The results are summarized in Figure 3. 
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In both samples there was a precipitous fall in 
concentration of organic phosphate and a recipro 
cal increase in inorganic phosphate. The change 
was less marked in the blood stored in ACDI. 

As had 
glycerate proved quite labile to the conditions of 
storage (19, 24). Its concentration fell rapidly 
in ACD so that after 2 
the initial level of 8.75 wmoles (all data are pre- 


been noted previously, diphospho- 


weeks only 18 per cent of 


sented as pmoles of phosphorus per ml of erythro- 


cytes) remained, and none was present at 6 and 8 


AND GRANT 


R. BARTLETT 
weeks of storage. The rate of decrease in ACD] 
was less and 51, 27, 14, and 9 per cent remained 
at 2, 4, 6, and 8 weeks of storage. 

ATP disappeared at a slower rate than did 
diphosphoglycerate, and the difference between 
blood stored in ACD and in ACDI was less strik- 
ing than that found for diphosphoglycerate. The 
concentrations of ATP at the 0, 4, and 8 week 
assay periods for blood stored in ACD were 2.7, 
0.82, and 0.17 and in ACDI 2.34, 1.01, and 0.43 


pmoles. 
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TRICHLOROACETI( ACID EXTRACTS OF 


HUMAN ERYTHROCYTES STORED IN ACD pLus INOSINE For 0, 14, 28, 42, anp 56 DAYS. 


See Figure 1. 


J, inosine; G6P, glucose-6-phosphate ; S7P, sedoheptulose-7-phosphate 
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Fic. 3. 
PLUS INOSINE. 


CHANGES IN PHOSPHATE COMPOUNDS OF 


see Figures 1 and 2. 


We have reported previously that fructose di- 
phosphate disappeared immediately after the ad- 
dition of rabbit or human blood to ACD and that 
it was absent throughout storage (19, 24). In 
the present study also no fructose diphosphate 
was found at any time-period in either incubation 
solution, Glucose diphosphate decreased gradually 
during storage in ACD so that after 8 weeks, 74 
In ACDI 


the level of glucose diphosphate remained constant 


per cent of the initial level remained. 


early in storage and then increased at the 4 and 
8 week assay times to 128 and 173 per cent of 
the initial level. 

To improve the separation of the sugar mono- 
phosphates, the 0.01 N HCl elution sections were 
rechromatographed on columns of Dowex 1-for- 
mate. In the blood stored in ACD, only traces of 
sugar monophosphates were found at any time. 
In ACDI, Figure 4, the inorganic phosphate was 
preceded by a peak of phosphorus which proved 
to be a mixture of glucose-6-phosphate and sedo- 
heptulose-7-phosphate. The concentration of glu- 
cose-6-phosphate reached a maximum of 0.73 
pmoles at 4 weeks and then fell to 0.29 at 8 weeks. 


The data are plotted in wmoles of phosphorus per ml of erythrocytes (RBC). 


RABBIT AND HUMAN ERYTHROCYTES STORED IN ACD Aanp In ACD 


For abbreviations 


The concentration of sedoheptulose-7-phosphate 
increased to a maximum of 0.95 pmoles after 4 
weeks of storage and subsequently decreased 
slightly. 

The 0.02 N 
mixture of compounds—chiefly inosine monophos- 
phate and ADP. 


tions of the 0, 4, and 8 week assays were rechro- 


HCl elution sections contained a 
For better resolution these sec- 


matographed on columns of Dowex 1-formate. 
The results are presented in Figure 5. At zero 
time these sections were composed primarily of 
ADP. In blood stored in ACD the level of ADP 
increased at 4 but at 8 it 
dropped to approximately 50 per cent of the ini- 
ACDI 
of ADP increased slightly at 4 weeks and then 
the 
which was not present initially, was found in a 
concentration of 0.15 pmoles in ACD and 0.32 in 
ACDI at 4 weeks. After 8 weeks of storage the 
concentration had not changed in ACDI, but it 


weeks, weeks had 


tial concentration. In the concentration 


remained same. Inosine monophosphate, 


had almost disappeared in ACD. 
The peaks labeled AXP in Figures 1 and 2 in- 
cluded a mixture of compounds which have not 
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been identified. There appeared to be no appreci- 
able differences in this mixture in the two pre- 
serving solutions during storage. 

Important negative findings were: 1) the lack 
of accumulation of monophosphoglycerate, glyc- 
erate, phosphopyruvate, and pyruvate in the eryth- 
rocytes in spite of the marked decrease in concen- 
the lack of 


significant increase in ADP or adenosine mono- 


tration of diphosphoglycerate; 2) 


phosphate in spite of the decrease in concentration 
of ATP; and 3) the absence of compounds of the 
pentose shunt other than sedoheptulose-7-phos- 
phate in blood stored in ACDI. 

The results which we had obtained previously 
with rabbit blood were qualitatively similar to 
those described above for human blood, but there 
were some interesting quantitative differences, as 


shown in Figure 3. In the rabbit erythrocyte 


AND GRANT R. 


BARTLETT 


the initial concentrations of diphosphoglycerate 
and ATP were higher than in the human, and the 
rate of decrease during storage was faster. Sedo- 
heptulose-7-phosphate accumulated in both rabbit 
and human erythrocytes, but in a much higher 
concentration in the rabbit. Glucose-6-phosphate 
increased in the human erythrocyte during stor- 
age, but no more than traces of this compound 


were present in the rabbit. 


SUMMARY 


The phosphorylated carbohydrate intermediates 
of the human erythrocyte were assayed by ion- 
exchange chromatography after 0, 2, 4, 6, and 8 
weeks of storage at 4° C in acid citrate dextrose 
(ACD) with or without inosine (ACDI). The 
breakdown of diphosphoglycerate and adenosine 
triphosphate accounted for most of the fall in con- 
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CHLORIDE 
The pooled eluates were passed through 1 
(100 to 325 wet mesh) which were eluted at 1 ml per minute with 2 L of linear gradi- 
The data are plotted in mumoles per ml of eluate (cal- 


CHROMATOGRAPHS SHOWN STORED IN 


ent zero to 1 N formic acid. 


culated for 1 ml of erythrocytes). Abbreviations: see Figures 1 and 2; G6P dehyd., 


glucose-6-phosphate dehydrogenase; anthrone, colorimetric test for sugars. 
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CHROMATOGRAPHS SHOWN IN FiGurEs 1 AND 


1 X 15 cm columns of Dowex 1 X 8-formate (100 to 325 wet mesh) 
ml per minute with 1 L of linear gradient zero to 1 N ammonium formate. 


abbreviations. 


centration of organic phosphate and the associ- 
ated increase in inorganic phosphate. These 
changes were retarded by the presence of inosine 
in the incubating solution. Adenosine diphosphate 
(ADP), which was present in comparatively 
small amounts, showed a moderate increase at 4 
weeks followed by a decline in concentration to 
one-third the initial level when the blood was 
stored in ACD. In ACDI the level of ADP in- 
creased slightly at both 4 and 8 weeks. 
monophosphate was found in small amounts only 
at 4 weeks in ACD and at 4 and 8 weeks in 
ACDI. 


any time in either sample. 


Inosine 


Fructose diphosphate was not found at 
Glucose diphosphate 
was surprisingly constant in concentration in 
ACD blood and increased somewhat in ACDI. Of 
possible intermediates of the pentose shunt which 
might be expected from the metabolism of inosine, 
only sedoheptulose-7-phosphate was found. In 
the presence of inosine, glucose-6-phosphate rose 
to that 
found in the normal erythrocyte. results 


than 
The 


are compared with those of a previous similar 


a maximum several-fold higher 


study of stored rabbit erythrocytes. 


? 


iF 


7. Gabrio, B. 


. Donohue, D. M., Finch, C. 


. Shafer, A. W., and Bartlett, G. 


. Rapoport, 


RECHROMATOGRAPHS OF THE 0.02 N HCL ELUTION SECTIONS OF THE DOWEX CHLORIDE 


The pooled eluates were passed through 
which were eluated at 1 
See Figure 1 for 
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PHOSPHORYLATED CARBOHYDRATE INTERMEDIATES OF THE 
HUMAN ERYTHROCYTE DURING STORAGE IN ACID CIT- 


RATE DEXTROSE. 


II. EFFECT OF THE ADDITION 


OF INOSINE LATE IN STORAGE * 


By GRANT R. BARTLETT anp A. WILLIAM SHAFER 
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The preceding paper (1) describes the changes 
which were found in the glycolytic intermediates 
of the human erythrocyte during 8 weeks’ storage 
of blood at 4° C in acid citrate dextrose (ACD) 
supplemented with the nucleoside, inosine. 

Previous investigations had demonstrated that 
nucleosides not only were able to maintain a 
higher level of erythrocyte organic phosphate dur- 
ing storage but also that they could bring about a 
considerable resynthesis of organic from inorganic 
phosphate if added to the blood after several days 
of storage and then incubated for a few minutes 
at 37° C (2-4). 

It was of interest, therefore, to extend our find- 
ings to a more detailed study of the nature of the 
phosphate compounds formed in the erythrocyte 
when nucleoside was added late in storage and 
to compare the results with those just described 
where inosine was present from the outset. In 
the experiments to be reported inosine was added 
to aliquots of human blood stored at 4° C in ACD: 
1) after 3 weeks followed by another week at 
4° C, and 2) after 4 weeks followed by 1 or 3 
hours of incubation at 37° C. The phosphate com- 
pounds of the erythrocytes are compared with 
control samples kept for 4 weeks in ACD alone. 
It was considered worthwhile at this time to bring 
together available information on the metabolism 
of the stored red cell and to offer a tentative 
scheme to explain the events leading to loss of 
viability. 

METHODS 

Blood from a normal donor was drawn by gravity into 
ACD (NIH formula B) and stored at 4° C. After 21 
days of storage, 100 ml of the ACD blood mixture was 
removed aseptically and to this was added inosine (4 mg 
per ml of blood) which had been autoclaved in normal 


saline in a concentration of 40 mg per ml. This sample 


* Supported by the US Army Medical Research and 
Development Command, Office of the Surgeon General, 
and by the National Heart Institute. 


for another 7 days. After 
, 


28 days of storage the remaining ACD blood was divided 


of blood was stored at 4° C 
into three portions; one served as a control and to the 
other two the inosine solution was added to give a con- 
centration of 4 mg (15 wmoles) per ml of original blood 
The aliquots treated with inosine were incubated for 1 
and 3 hours at 37° C.  Trichloroacetic acid extracts 
of the four samples were prepared, the metabolic inter- 
columns of ion-exchange 


mediates separated on 


resin, and the compounds were analyzed as 


were 
described 


in the preceding paper (1). 


RESULTS 

The phosphate compounds of the stored red 
cells were first isolated by column chromatography 
on Dowex-1 resin by chloride eluants, as shown in 
The 0.02 N HCl elution section was 
with 


Figure 1. 
rechromatographed by elution ammonium 
formate buffer in order to separate the inosinic 
acid and adenosine diphosphate (ADP; Figure 
2). Formate rechromatography was also carried 
out on the combined 0.003 and 0.01 N HCl elu- 
better resolution of the 


tion sections to obtain 


sugar monophosphates (Figure 3). The results 
are summarized in Figure 4, which for compari- 
son includes data from the zero-day control and 
4-week inosine experiments from the previous 
study (1). 

We would like to focus attention first on adeno- 
(ATP) 
may prove to be the most critical factor in the 
the cell. 
When inosine was present from the out- 


sine triphosphate whose concentration 


survival of Several points are of in- 
terest. 
set of storage there was little increase of ATP 
over that found in ACD alone, 
higher levels were found when the nucleoside was 


whereas much 


added later. The stored cells which were exposed 
to inosine during the fourth week at 4° C had an 
ATP concentration as high as in the initial blood, 
and it was only slightly lower in the 3-hour 37° C 
incubation. It should be emphasized that a re- 


synthesis of the ATP molecule took place, as will 
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Fic. 1 ION-EX( HANGE CHROMATOGRAPHS OF TRICHLOROACETIC ACID EXTRACTS OF HUMAN ERYTHROCYTES STORED 


FOR 28 pAYS IN ACD ALONE OR WITH INOSINE ADDED (ACDI) at 
(calculated for 1 ml of red cells). 


BEGINNING OR LATE IN STORAGE, AS INDICATED. 
Total phosphorus (TP), @; 
for 


THE 


The data are plotted in mumoles per ml of eluate 
carbazole fructose 


ADP, 


adenine (from the optical density at 260 mz), inorganic phosphate (Pi), @; assay 
adenosine diphos- 


DPG, 2,3 


(carb.), Abbreviations: G6P, glucose-6-phosphate, S7P, sedoheptulose-7-phosphate ; 


phate ; 


ATP, adenosine 


diphosphogly« erate; 


IMP, inosine monophosphate ; 


G1,6P, glucose-1,6-diphosphate ; 


triphosphate; AXP, unknown nucleotide. 


F1,6P, 


fructose-1,6-diphosphate ; 
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Fn: 2. THE 0.02 N HCt seEc- 
TIONS OF THE DOWEX CHLORIDE CHROMATOGRAPHS SHOWN 


RECHROMATOGRAPH OF 
IN Figure 1. The pooled eluates were passed through 
x 8 formate (100 to 325 
wet mesh) which were eluted at 1 ml per minute with 


1 < 15 cm columns of Dowex 1 


1 L of linear gradient zero to 1 N ammonium formate. 
See Figure 1 for abbreviations. 

be discussed in more detail below. For example, 
the 3-hour incubation at 37° C produced a con- 
centration of ATP more than double that of the 
4-week control. Since no other precursors ap- 
pear to be available, it seems most probable that 
the hypoxanthine part of the inosine gave rise to 
the adenine ring of ATP. 

The changes in the concentration of ATP un- 
der the different conditions of storage were not re- 
flected in any striking alteration of ADP. There 
was some increase in this intermediate in the red 
cells stored with inosine during the fourth week 
and a decrease in those incubated at 37° C. Ino- 


sinic acid, however, increased considerably during 
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the 37° C 
condition of net synthesis of total adenylate, the 


incubations. Since this was clearly a 
inosinate must have originated from inosine rather 
than from adenylate and so was probably an in- 
termediate in the synthesis of ATP from the nu- 
cleoside. No significant amounts of adenosine 
monophosphate (AMP) built up under any of 
the experimental conditions. 

One of the most interesting chemical character- 
istics of the red cells which were stored from the 
beginning with inosine was that they accumulated 
relatively large quantities of glucose-6-phosphate 
and contrast, 
when the incubation was performed at 37° C, 


sedoheptulose-7-phosphate. In 


much smaller levels of the sugar monophosphates 
were present but a very large amount of fructose 
A block in the metabolic 
path from ribose phosphate at the triose phos- 


diphosphate appeared. 


phate oxidation step might be expected to cause 
a piling up of fructose diphosphate. 

Pentose phosphates did not appear in appreci- 
able amounts in any of the experiments and pre- 
sumably were metabolized as rapidly as formed 
from inosine. Glucose diphosphate showed a 
moderate increase above the zero time value in 
all of the incubations with inosine. 

As demonstrated in previous studies, diphos- 
phoglycerate (DPG) disappears almost completely 
after 4 weeks of storage in ACD. The incubations 
with inosine, either during the fourth week at 4 
C at the end of 4 weeks, 
although restoring ATP to essentially zero time 


C or for 3 hours at 37 


levels, reformed only 30 to 40 per cent of the 
original concentration of DPG. Even so, this rep- 
resents a considerable synthesis and indicates that 
the initial drop in pH produced by the ACD pre- 
servative cannot be the major factor responsible 
for the rapid early loss of DPG, since the metabo- 
lism of inosine tends to lower the pH even further 
The DPG 
not accompanied by any notable changes in the 


during storage. variations of were 


concentration of monophosphoglycerate which 
was present in only very small amounts. 
Although the inorganic phosphate inside of the 
red cell rose reciprocally as the organic phosphate 
fell during storage in ACD, an appreciable amount 
leaked out into the plasma so that the total phos- 
phorus at 4 weeks was only 60 per cent of that 
at zero time. The various incubations with ino- 


sine, especially late in storage, not only utilized 
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Fic. 3. RECHROMATOGRAPH OF 


RIDE CHROMATOGRAPHS SHOWN IN FiGcure 1. 


through 1 


THE 0.01 N HC SEcTIONS OF 


15 cm columns of Dowex 1 


THE CHLO- 
The pooled eluates were passed 


8 formate (100 to 325 wet mesh) 


which were eluted at 1 ml per minute with 2 L of linear gradient zero to 


1 N formic acid. 
lated for 1 ml of erythrocytes). 


sulfuric acid assay for sedoheptulose 


hydrogenase assay for glucose-6-phosphate 


intracellular inorganic phosphate for synthesis but 
also used some of the extracellular phosphate, 
bringing the total phosphorus of the cell back to 


approximately 80 per cent of the original. 


DISCUSSION 


Studies from this laboratory and elsewhere on 
the metabolism of stored blood are consistent with 
the view that an intact functioning glycolytic ap- 
paratus is indispensable to the erythrocyte if it is 
to survive preservation at above-freezing tempera- 
The 


storage, as demonstrated by the inability of glu- 


tures. glycolytic capacity declines during 
cose to maintain the normal concentration of in- 
termediate metabolites within the cell. It is of 
theoretical importance for future research, al- 
though apparently of little practical value at this 
time, that inosine can to a certain extent replace 
glucose; it can restore some of the metabolites 


and under limited conditions prolong the survival 


See Figure 1 for abbreviations. 


The data are plotted in mumoles per ml of eluate (calcu- 


Cysteine- 
(C-S), glucose-6-phosphate de- 


(G6P dehyd.), A. 
of the erythrocyte. The metabolic effects of ino- 
sine can be explained by the fact that it penetrates 
easily into the erythrocyte and is split by nucleo- 
side phosphorylase to give ribose phosphate and 
hypoxanthine. The ribose phosphate is changed 
to other pentose phosphates which are rearranged 
by the enzymes transketolase and transaldolase 
to produce fructose phosphate and triose phos- 
phate and so enter the glycolytic pathway. These 


reactions—a portion of the so-called pentose 


shunt—are commonly found in many kinds of 
tissues (5). 

The changes in the concentrations of ATP and 
DPG which were found in the erythrocyte under 
the various storage conditions reported here are of 
special interest and illustrate some of the com- 
plexities involved in trying to diagnose the state 
of the metabolic machinery. The experiments 
show a rapid loss of 2,3-diphosphoglycerate from 
the erythrocytes stored in ACD and extensive re- 


synthesis during the incubation with inosine. The 
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CYTES STORED IN ACD wiItH 


SUMMARY OF CHANGES OF 


in the table are expressed in umoles of phosphorus per ml of erythrocytes. 


b, 4. <, 


PHOSPHATE COMPOUNDS OF 


ADDITION OF INOSINE AT 


and f were blood drawn at the same time from one donor. 


HUMAN ERYTHRO- 


DIFFERENT TIMES. The figures 
Samples 


Data listed under 


a and c are duplications of results reported in the previous paper; blood from a dif- 


ferent donor. 


enzyme, monophosphoglycericmutase, which car- 
ries out the interconversion of 2-monophospho- 
glycerate and 3-monophosphoglycerate with 2,3- 
diphosphoglycerate as a cofactor, is unable to bring 
about any synthesis or breakdown of the 2,3-di- 
phosphoglycerate. Luebering 
(6-8) the 
erythrocyte which could account for net changes 


Rapoport and 


discovered two enzymes in human 
in the concentration of 2,3-diphosphoglycerate. 
These are: 1) diphosphoglycerate mutase which 
can convert 1,3-diphosphoglycerate to 2,3-diphos- 
phoglycerate, and 2) a specific phosphatase which 
splits one of the phosphates from 2,3-diphospho- 
glycerate to give 2-monophosphoglycerate. Rapo- 
Nieradt (6~9) 
that a cycle passing from 1,3-diphosphoglycerate 


ort, Luebering and suggested 
> DS 


to 2,3-diphosphoglycerate to 2-monophospho- 
glycerate may represent the main route of gly- 
colysis in the erythrocyte [see Altman (10) for 
discussion of this concept]. However, during the 
steady state of normal metabolism in the human 
erythrocyte, significant participation of this cycle 
can be ruled out from the P**-labeling data which 
are consistent with a process that transfers most 


of the phosphorus from the carboxyl group of 
1 ,3-diphosphoglycerate to ADP, to give 3-mono- 
phosphoglycerate which is then converted through 
the phosphoglycericmutase reaction to 2-mono- 
Although the 
cycle does not appear to be operating under normal 


phosphoglycerate and so on (11). 


conditions, it can explain some of the changes ob- 
(12) 
firmed and extended these findings of Rapoport 


served during storage. Grisolia has con- 


and co-workers, showing that 3-monophospho- 
1 ,3-di- 
phosphoglycerate to 2,3-diphosphoglycerate and 


inhibits the 2,3-diphosphoglycerate phosphatase. 


glycerate accelerates the conversion of 


With this background the events taking place dur- 
When 


1,3-diphosphoglycerate and 3-monophosphoglyce- 


ing storage can be reconstructed as follows. 


rate are no longer being produced because of a 
defect higher in the metabolic path, the 3-mono- 
phosphoglycerate inhibition of the phosphatase is 
released, and the 2,3-diphosphoglycerate disap- 
pears rapidly by hydrolysis to monophosphoglyce- 
When 


1,3-diphosphoglycerate and 3-monophosphoglyce- 


rate which can be converted to lactate. 


rate are replenished from the catabolism of ino- 
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sine, the 3-monophosphoglycerate blocks the phos- 
phatase split of 2,3-diphosphoglycerate and stimu- 
lates its formation from 1,3-diphosphoglycerate. 
The 3-monophosphoglycerate kinase and the di- 
phosphoglycerate mutase continue as competing 
reactions until the level of the 2,3-diphospho- 
glycerate is raised high enough to inhibit its fur- 
ther synthesis, at which time the kinase takes over 
as the primary reaction for the conversion of 1,3- 
diphosphoglycerate to 3-monophosphoglycerate. 
Not only ATP but total adenine nucleotide was 
reduced in the erythrocyte during storage in ACD 
and could be regenerated in the presence of ino- 
sine. It seems of special importance to try to 
understand the mechanisms involved. The so- 
called de novo synthesis of purine nucleotide from 
small units such as glycine and formate has been 
intensively investigated in recent years, and a 
rather complex path has emerged which seems to 
be widely distributed in nature (13). Human or 
rabbit erythrocytes lack the capacity to carry out 
this over-all de novo synthesis of purine nucleo- 


tide (14). 


for the biosynthesis of purine nucleotide is by the 


However, another important pathway 


reaction of preformed purine with phosphoribosy]- 
pyrophosphate to give the nucleoside, 5’ phosphate 
(15). It has been demonstrated that the intact 
human or rabbit erythrocyte can incorporate C'*- 
labeled adenine or hypoxanthine into adenylate 
(16, 17) presumably by a reaction with phos- 
phoribosylpyrophosphate. Moreover, extracts of 
human erythrocytes have been found to make 
phosphoribosylpyrophosphate and to react it 
with adenine or hypoxanthine to give nucleotide 
(18). 


that the first step in the net synthesis of adénylate 


From these observations it seems probable 


from inosine seen in the stored cells is the reac- 
tion of hypoxanthine (from inosine) with phos- 
phoribosylpyrophosphate to give inosinic acid. 
Apparently the major route for the conversion of 
inosinate to adenylate in most kinds of cells is by 
a reaction with aspartate to give adenylosuccinate 
This 


has not been examined in the erythrocyte. 


which splits to adenylate (19). reaction 
One 
other possibility for the synthesis of nucleotide by 
the erythrocyte must be kept in mind and that is 
a direct phosphorylation of nucleoside, although 
this reaction is not generally thought to comprise 
an important fraction of purine nucleotide forma- 
tion in the animal (20). 
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Instead of speaking of ATP alone, it is more 
instructive to consider the combined AMP-ADP- 
ATP pool and divide it into two parts: 7) the 
fraction in the form of high energy phosphate, 
and 2) the content of total adenylate. In the nor- 
mal cell the fraction as ATP is very high, and 
the amount of high energy phosphate entering the 
pool from the reactions of the glycolytic chain is 
balanced by the amount going out through phos- 
phorylations of hexose and hexose phosphate and 
the action of ATPases. The total adenylate is 
kept constant with a small but significant turn- 
over of the AMP-unit during the life of the cell, 
as shown by Lowy, Ramot and London (16). 
During storage in ACD both the high energy 
phosphate and the total adenylate decrease. As 
will be discussed later, we believe that a defect 
early in the glycolytic path decreases the amount 
of high energy phosphate coming into the adenyl- 
ate pool. If we assume that the usual ATPase 
activities continue, then the ATP concentration 
will fall. 
ate kinase (21-23), the ADP formed by the action 
of ATPase will be converted to AMP and ATP, 
until all of the 

However, we 


Due to the presence of a potent adenyl- 


and this will continue 
adenylate is changed into AMP. 


did not find AMP accumulating in the stored cells 


] yrocess 


and must postulate that some mechanism is re- 
leased which increases the rate of its breakdown 
above the normal. This could be a direct effect of 
increased concentration of AMP on the enzyme in- 
volved, or it might result from the disappearance 
of an inhibitor (for example, ATP). The first 
step in the degradation of the AMP is probably 
mediated by the enzyme 5’-nucleotidase (24) either 
before or after deamination (25) to inosinate, or 
perhaps both. We have seen that a small amount 
of inosinic acid accumulates during the storage. 
The products of the 5’-nucleotidase, adenosine 
(after conversion to inosine by a nucleoside deami- 


nase) (26, 27) and inosine, would be split to hy- 


poxanthine and ribose phosphate by nucleoside 
28-30). 
shown that hypoxanthine is the principal end- 


phosphorylase Several studies have 
product of nucleotide decomposition in the eryth- 
rocyte (31-33). The hypoxanthine and a small 
fraction of xanthine are not further changed to 
uric acid due to the absence of xanthine oxidase. 

Although addition of inosine after 4 weeks of 


storage brought about a considerable resynthesis of 
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ATP, there is some evidence for the belief that 
adenosine may be more effective than inosine in 
reversing the metabolic defect of the stored red 
cell, as re-emphasized recently by Mollison and 
Robinson (34). 
periments of Gabrio, 


Most of the early favorable ex- 
Donohue and_ colleagues 
were performed with adenosine (2-4). Further 
light on the matter has come from the studies of 
Nakao, Nakao, Tatibana and Yoshikawa (35) 
who have reported that, after several weeks of 
storage when inosine shows a decreasing effective- 
ness for the formation of ATP, inosine plus ade- 
nine gives better results. Any increased effect of 
adenosine is presumably through the formation 
of adenine, since the reaction of phosphoribosyl- 
pyrophosphate with hypoxanthine or adenine, 
from present information, would be the preferred 
route of nucleotide synthesis. Experiments in 
progress in our laboratories (36) confirm these 
impressions. The results show, for example, that 
after 10 weeks of cold storage in ACD, adenosine, 
or adenine plus inosine, is much more effective 
than inosine alone in increasing the level of ATP 
in the human erythrocyte. The lesser efficiency 
of inosine could be due to a deficiency in the ability 
of the cell to convert inosinic acid to adenylic acid. 

We feel at this time that the most likely site of 
the primary defect in the metabolism of the stored 
erythrocyte is the first step in the utilization of 
glucose. This step is a complex of several com- 
ponents including traversal of the outer mem- 
brane by the sugar, probable selective orientation 
of the hexokinase protein within a double mem- 
brane cell coat, concentration of magnesium ion, 
and undoubtedly other unknown coenzymatic de- 
terminants of the enzyme activity and the supply 
of ATP. An initial loss of ATP from whatever 
cause could of course block glucose utilization. 
However, it is unlikely that this is the primary 
reason for the storage defect in view of the fact 
that the fall in concentration of diphosphoglycerate 
precedes that of ATP. 
tion of glucose decreases in the stored erythro- 


As the rate of consump- 


cytes, the levels of the glycolytic intermediates fall 
as if they were continuing to move through the 
metabolic channel from glucose-6-phosphate to 
lactate without being replenished. On their way 
to lactate these phosphate intermediates help 
maintain the level of ATP which decreases more 


slowly. When inosine is added to this defective 
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cell, the metabolism of ribose feeds into the gly- 
colytic path at the fructose-6-phosphate and triose 
phosphate steps and produces significant quanti- 
ties of glucose-6-phosphate, fructose diphosphate, 
diphosphoglycerate, and lactate, at the same time 
renewing the ATP. This proves that the indi- 
vidual reaction steps of glycolysis are still intact 
late in storage from glucose-6-phosphate on. 

We know that there is a critical period during 
storage when the red cell which would have been 
removed rapidly from the circulation upon trans- 
fusion will survive if it has had a treatment with 
nucleoside. It is unlikely that nucleosides are pres- 
ent in the blood stream in amounts sufficient to 
continue to serve as the principal substrate for the 
erythrocyte, and it seems most probable that some- 
how the ability to use glucose is restored in the 
body. Assuming such a reversibility of the stor- 
age lesion to be the case, and that the phosphory- 
lation of glucose is involved, what are possible 
contributing factors? Protein denaturation can 
be ruled out, since as far as is known the mature 
erythrocyte cannot synthesize protein and so 
would not be able to make any new hexokinase 
enzyme after returning to the circulation. As 
mentioned, the hexokinase reaction is probably 
located in the surface area of the cell and so is 
vulnerable to influences which would cause loss to 
the storage medium of controlling cofactors for 
the enzyme—agents which could reasonably be 
regained in the more favorable environment of 
the circulation. It is also conceivable that reac- 
tions selectively localized in the cell membrane 
have a restricted orientation vis a vis the exterior 
and interior, distortion of which by the highly 


abnormal medium might lead to decreased enzyme 


activity, an inhibition which could be eliminated 
on return of the erythrocyte to the circulation. 

In summary, a tentative scheme has been formu- 
lated to explain the storage lesion (Figure 5) 
with the metabolic pathways severely abbreviated 
for the sake of simplicity (single arrows desig- 
nate a reaction involving one phosphate; double 
arrows, two phosphates). During normal gly- 
colysis the phosphate bond energy gained from the 
conversion of glucose to lactate is transferred to 
the adenylate pool at reactions 1 and 2, donating 
four high energy phosphate bonds per molecule 
of hexose metabolized. Two of these phosphates 
are used to phosphorylate hexose and hexose 
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monophosphate (reactions 3 and 4) and the other 
two (step 5) are used in reactions related to the 
preservation of cellular viability. The system is 
normally in balance so that the concentration of 
ATP remains constant. During storage, the ini- 
tial defect at the first step of glucose utilization 
slows the flow of carbon through the glycolytic 
pipeline and so decreases the amount of phos- 
phorus entering the adenylate pool. The outflow 
of phosphorus at reaction 5 is not affected or is 
perhaps even increased and so the ratio of ATP 
to AMP falls. A rising concentration of AMP 
accelerates the breakdown at reactions 6 and 7, 
displacing the normal small and equal rate of syn- 
thesis and degradation. The resulting drop in 
concentration of ATP further decreases the rate 
of phosphorylation of glucose and thus a vicious 
circle is established, accelerating the decay of the 
Inosine does two different and 
In the 
first place, it supplies the alternate substrate ri- 
bose phosphate which is able to enter the meta- 


metabolic system. 
essential things to rebuild ATP levels. 


bolic path beyond the storage lesion and generate 
high energy phosphate bonds. Secondly, the in- 
creased supply of hypoxanthine reverses reaction 


new adenylate acceptor for the high 


7 to give 
energy phosphate. As discussed above, the route 
from adenine to adenylate may prove to be more 
efficient than that from hypoxanthine. A rela- 


tively high level of ATP in the erythrocyte at the 
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time of transfusion is required to give it enough 
resilience to maintain its integrity through that 
period of circulation in the body before the pri- 
mary storage defect is reversed and the erythro- 
cyte resumes its normal metabolism of glucose. 


SUMMARY 


The effect of inosine on the phosphorylated me- 
tabolic intermediates of the human erythrocyte 
stored at 4 
tive was determined after the addition of the nu- 


C in acid citrate dextrose preserva- 


cleoside: 1) after 3 weeks followed by another 
week at 4° C, and 2) after 4 weeks followed by 
1 or 3 hours of incubation at 37° C. Inosine pro- 
duced extensive resynthesis of some of the or- 
ganic phosphates normally present in the fresh 
erythryocyte and led to important quantitative and 
qualitative changes in the normal pattern of me- 
tabolites. In the light of the results found here 
and reported elsewhere a scheme has been pro- 
posed to explain the biochemical events leading 
to a loss in viability of the stored erythrocyte. 


REFERENCES 

1. Shafer, A. W., and Bartlett, G. R. 
carbohydrate intermediates of the human erythro- 
cyte during storage in acid citrate dextrose. I. Ef- 
fect of the addition of inosine at the beginning of 
storage. J. clin. Invest. 1961, 40, 1178. 

2. Gabrio, B. W., Donohue, D. M., and Finch, C. A. 

Relationship _ be- 


Phosphorylated 


Erythrocyte preservation. V. 





PHOSPHATES OF STORED ERYTHROCYTES AFTER LATE ADDITION OF INOSINE 1193 


tween chemical changes and viability of stored 
blood treated with adenosine. J. clin. Invest. 1955, 
34, 1509. 

. Gabrio, B. W., Hennessey, M., Thomasson, J., and 
Finch, C. A. Erythrocyte preservation. IV. In 
vitro reversibility of the storage lesion. J. biol. 
Chem. 1955, 215, 357. 

. Donohue, D. M., Finch, C. A., and Gabrio, B. W. 
Erythrocyte preservation. VI. The storage of 
blood with purine nucleosides. J. clin. Invest. 1956, 
35, 562. 
. Dickens, F. 
hexose monophosphate shunt. Ann. N. Y. Acad. 
Sci. 1958, 75, 71. 

. Rapoport, S., and Luebering, J. The formation of 


Recent advances in knowledge of the 


2,3-diphosphoglycerate in rabbit erythrocytes: 

The existence of a diphosphoglycerate mutase. J. 

biol. Chem. 1950, 183, 507. 

. Rapoport, S., and Luebering, J. An optical study of 
diphosphoglycerate mutase. J. biol. Chem. 1952, 
196, 583. 

Rapoport, S., and Luebering, J. Glycerate-2,3-di- 
phosphatase. J. biol. Chem. 1951, 189, 683. 

Rapoport, S., and Nieradt, C. Inwieweit verlauft die 
Glykolyse im Saugetiererythrocyten tiber 2,3-Di- 
phosphoglycerinsaure? Uber eine Variante des 
glycolytischen Cyclus auf dem Niveau der Phos- 
phoglycerinsauren. Biochem. Z. 1955, 326, 231. 

. Altman, K. I. Some enzymologic aspects of the hu- 

man erythrocyte. Amer. J. Med. 1959, 27, 936. 


1. Bartlett, G. R. Unpublished observations. 
2, Grisolia, S. Energy-generating systems. Ann. N. Y. 


Acad. Sci. 1959, 72, 462. 

. Buchanan, J. M. Biosynthesis of purine neucleotides 
in The Nucleic Acids, E. Chargaff and J. N. 
Davidson, Eds. New York, Academic Press, 1960, 
vol. III, p. 303. 

. Lowy, B. A. Studies on purine nucleotide biosyn- 
thesis in the rabbit erythrocyte in The Kinetics of 
Cellular Proliferation, F. Stohlman, Ed. New 
York, Grune & Stratton, 1959, p. 122. 

. Kornberg, A., Lieberman, I., and Simms, E. S. En- 
zymatic synthesis of purine nucleotides. J. biol. 
Chem. 1955, 215, 417. 

. Lowy, B. A., Ramot, B., and London, I. M. The 
biosynthesis of adenosine triphosphate and guano- 
sine triphosphate in the rabbit erythrocyte im vivo 
and in vitro. J. biol. Chem. 1960, 235, 2920. 

. Bishop, C. Purine metabolism in human and chicken 
blood, in vitro. J. biol. Chem. 1960, 235, 3228. 

. Preiss, J., and Handler, P. Enzymatic synthesis of 
nicotinamide mononucleotide. J. biol. Chem. 1957, 
225, 4 39. 

. Lieberman, I. Enzymatic synthesis of adenosine-5'- 
phosphate from inosine-5’-phosphate. J. biol. Chem. 
1956, 223, 327. 

. Kornberg, A. Pathways of enzymatic synthesis of 
nucleotides and polynucleotides in A Symposium 
on the Chemical Basis of Heredity, W. D. Mc- 
Elroy and B. Glass, Eds. Baltimore, Johns Hop- 
kins Press, 1957, p. 579. 


Kashket, S., and Denstedt, O. F. The metabolism of 
the erythrocyte. XV. Adenylate kinase of the 
erythrocyte. Canad. J. Biochem. 1958, 36, 1057. 


Tatibana, M., Nakao, M., and Yoshikawa, H. Adenyl- 


ate kinase in human erythrocytes. J. Biochem. 


(Tokyo) 1958, 45, 1037. 


. Gerlach, E., and Luibben, K. Der Phosphat-Stoff- 


wechsel in Tauben- und Menschen-Erythrocyten 
unter dem Einfluss von 2,4-Dinitrophenol, Natrium- 
cyanid, Monojodacetat sowie von Thyroxin and 
Triathylenmelamin. Pflug. Arch. ges. Physiol. 
1959, 269, 520. 

Heppel, L. A., and Hilmoe, R. J. Purification and 
properties of 5-nucleotidase. J. biol. Chem. 1951, 
188, 665. 

Lee, Y. P. 5’-Adenylic acid deaminase. I. Isolation 
of the crystalline enzyme from rabbit skeletal mus- 
cle. II. Homogeneity and physicochemical prop- 
erties. III. Properties and kinetic studies. J. 
biol. Chem. 1957, 227, 987, 993, 999. 

Rubinstein, D., Kashket, S., Denstedt, O. F., and 
Gosselin, S. M. Studies on the preservation of 
blood. IV. The influence of adenosine on the 
glycolytic activity of the erythrocyte during stor- 
age at 4° C. Canad. J. Biochem. 1956, 34, 61. 


. Rubinstein, D., and Denstedt, O. F. The metabolism 


of the erythrocyte. XIV. Metabolism of nucleo- 
sides by the erythrocyte. Canad. J. Biochem. 1956, 
34, 927. 


. Huennekens, F. M., Nurk, E., and Gabrio, B. W. 


Erythrocyte metabolism. I. Purine nucleoside 
phosphorylase. J. biol. Chem. 1956, 221, 971. 


. Sandberg, A. A., Lee, G. R., Cartwright, G. E., and 


Wintrobe, M. M. Purine nucleoside phosphory- 
lase activity of blood. I. Erythrocytes. J. clin. 
Invest. 1955, 34, 1823. 

Tsuboi, K. K., and Hudson, P. B. Enzymes of the 
human erythrocyte. I. Purine nucleoside phos- 
phorylase ; isolation procedure. J. biol. Chem. 1957, 
224, 879. 


. Chen, P. S., Jr., and Jorgensen, S. Formation of 


hypoxanthine from adenosine triphosphate in shed 
human blood. Acta pharmacol. (Kbh.) 1956, 12, 
369, 


Jorgensen, S. Adenine nucleotides and oxypurines 
in stored donor blood. Acta pharmacol. (Kbh.) 
1957, 13, 102. 


. McLellan, W. L., and Lionetti, F. J. Hypoxanthine 


production from nucleosides in erythroctye ghosts. 
J. biol. Chem. 1959, 234, 3243. 


. Mollison, P. L., and Robinson, M. A. Observations 


on the effects of purine nucleosides on red-cell 
preservation. Brit. J. Haemat. 1959, 5, 331. 


. Nakao, M., Nakao, T., Tatibana, M., and Yoshikawa, 


H. Phosphorus metabolism in human erythrocyte 
III. Regeneration of adenosine triphosphate in 
long-stored erythrocyte by incubation with inosine 
and adenine. J. Biochem. (Tokyo) 1960, 47, 661. 


. Shafer, A. W., and Bartlett, G. R. Unpublished ob- 


servations. 





THE PHOSPHATIDES OF HUMAN 
AND COLUMN CHROMATOGRAPHY 


DETERMINED BY PAPER 


By WILLIAM 


PLASMA. I. NORMAL VALUES 


H. R. NYE,* CHRISTINE WATERHOUSE anp 


GUIDO V. MARINETTI 


(From the Departments of Medicine and Biochemistry, University of Rochester School of 
Medicine and Dentistry, Rochester, N. Y.) 


(Submitted for publication October 4, 1960; accepted March 9, 1961) 


Investigation of the phosphatides of human 
plasma has been, in the past, restricted by the in- 
adequacies of the chemical methods available. The 
development of silicic acid column chromatography 
as a tool for phosphatide analysis by Lea, Rhodes 
and Stoll in 1955 (1) led to rapid advances in 
phosphatide biochemistry. This method was ap- 
plied to the analysis of the phosphatides of hu- 
man serum by Phillips in 1957 (2), and has since 
been used by him (3-5). Others have more re- 
cently applied modified column techniques to the 
analysis of human serum (6-11). The technique 
has been particularly helpful in investigations us- 
ing radioactive isotopes, since relatively large 
amounts of lipid may be separated (12, 13). 

While column chromatography is well suited 
to preparative work, quantitative paper chroma- 
tography, introduced in 1957 by Marinetti, Er- 
bland and Kochen (14), gives greater resolving 
power and thus was particularly useful in our 
investigation of plasma phosphatides which was 


begun in 1958. The purpose of this paper is to 


present our findings in normal subjects, using 


quantitative paper chromatography, and to discuss 
certain facets of the phosphatide analysis of plasma 
brought to light by the combined use of colurin and 
paper chromatography. 


METHODS 


Young volunteers in apparent good health served as 
normal subjects. Blood samples, unless otherwise noted, 
were drawn in the fasting state. Venous blood was placed 
in a collecting bottle containing potassium oxalate. 

Extraction of lipids from plasma. The method of 
Marinetti and co-workers (14, 15) was used for the ex- 
traction of lipids and for the quantitative paper and 
column chromatography of the phosphatides. Extrac- 

* This 
Postdoctoral Training 
continued during a Postdoctoral 


both from the National Heart Institute. 


investigation was begun during tenure of a 


Fellowship in Biochemistry and 


Research Fellowship, 


tion of lipids from fresh plasma was carried out four 
times with a total of 15 vol of methanol-chloroform 1: 1 
(vol/vol), the extraction mixture being raised to 60° C 
for 2 minutes each time. The extract was dried with a 
rotary vacuum evaporator with the aid of benzene. The 
lipid was re-extracted with chloroform, leaving behind a 
small amount of water-soluble residue. The chloroform 
solution of lipid was diluted to 10 ml, and triplicate 1- 
ml aliquots were taken for the determination of total 
chloroform-soluble phosphorus, by the method of Harris 
and Popat (16), as modified by Marinetti, Erbland, Al- 
(17). 


was dried, weighed, and dissolved in isoamyl alcohol- 


brecht and Stotz The remainder of the sample 


benzene 1:1 (vol/vol) to give an approximate concen- 


tration of 5 to 10 wg phosphorus per 10 wl solvent. 
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TABLE I 


Data on optical density measurements 


Lysolecithin 


Sphingomyelin 


Phosphatidyl 


Lecithin ethanolamine 


Optical density of blanks 


0.004—0.013 
(one was 0.019) 


0.009 


Range 


Average 


No. determined 15 


0.005—0.015 


0.009 
14 11 8 


0.008-—0.016 
(one was 0.028) 


0.014 


0.014-0.023 


0.018 


Optical density obtained in representative analyses of normal subjects 


Subject 

J.N. 0.059 

.056 
WC. .077 
.073 
.075 
.077 
.057 
.058 
.066 
.058 


J.P. 


Isoamyl alcohol-benezene dissolved virtually all the lipid, 

leaving behind 0.03 to 0.8 per cent of the phosphorus. 
Paper chromatography. 

alcohol-benzene solution were pipetted onto silicic acid- 


Ten-ul aliquots of isoamyl 
impregnated paper. The chromatogram was developed 
in diisobutylketone-acetic acid-water 40:23:4 (vol) at 
28° C for 16 hours; 
tion of rhodamine 6G, and the lipid components were 
light outlined in 
pencil. a drawing of a paper chromato- 
gram of a lipid extract of plasma is presented. The 
sphingomyelin, 


the paper was stained with a solu- 


detected under ultraviolet and were 


In Figure 1, 
lysolecithin, 


areas of containing 


lecithin, 


paper 
and detected under ultraviolet light, and the 
area containing phosphatidylethanolamine, detected by a 
ninhydrin test, were carefully cut out, and the phos- 
phorus was eluted with 1 N HCI in redistilled methanol. 
After elution of the lipid phosphorus from each spot, 
quantitative transfer of the eluate through a fritted glass 
filter to a flask, evaporation of the solvent, and digestion 
with perchloric and nitric acids, the phosphorus was de- 
termined by the method of Chen, Toribara and Warner 
(18), and was read in a Beckman DU spectrophotometer 
at 820 mu 


known 


Duplicate reagent blanks and standards con- 


amounts of were 


without  di- 


inorganic phosphate 
prepared test 


gestion, after initially determining that readings identi- 


taining 
each time in large tubes 
cal with those of blanks and standards carried through 
the digestion procedure could be obtained by this method. 

All glassware used in this procedure was cleaned in 


either hot sulfuric-nitric acids or in cold acid dichromate. 


P in phosphatide spot / 


0.158 
153 
.144 
152 
145 
128 
145 
143 
138 
130 


total P/10 ul isoamy! alcohol-benzene 
chloroform-soluble P/ml plasma 


0.529 
519 
481 
478 
541 
542 
502 
.510 
476 
.482 


All reagents were of analytical grade and were used as 
obtained from the manufacturers, with the exception of 
the methanol used for phosphorus elution, which was re- 
distilled. 
were prepared from areas of paper that were equivalent 


At the beginning of the investigation, blanks 


in size and position to each respective phosphatide spot. 
These blank areas were carried through the chromato- 
staining, elution and phosphorus 
the 
determined. 


graphic development, 


determination steps, and average blank value for 


each constituent was The optical density 
representative phospha- 


Table I. 


The two values for optical density obtained for each 


readings of the blanks and of 
tide analyses that were obtained are shown in 
phosphatide component by duplicate chromatographic 
analysis were averaged, and the average blank value for 
that component was subtracted, giving the phosphorus 
in that phosphatide per 10 ul isoamyl alcohol-benzene 
solution of lipid sample. Two other 10-ul samples were 
pipetted onto 1X l-inch Whatman no. 44 


gested directly, and analyzed for total phosphorus. 


paper, di- 
The 
total phosphorus per 10-ul aliquot was then related to the 
chloroform-soluble phosphorus per milliliter plasma (previ- 
ously determined on triplicate aliquots of the chloroform 
re-extract of plasma) to determine the fraction of phos- 
phorus in 1 ml plasma that was present in 10 ul of the iso- 
amyl alcohol-benzene solution. When this fraction, which 
was usually between 0.1 and 0.05, was then divided into 
the phosphorus in each phosphatide per 10-ul aliquot, the 
value for phosphorus in that phosphatide per milliliter 
plasma was obtained: 


= P in phosphatide/ml plasma. 
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The recovery of phosphatides from the paper chromato- 
gram was shown by two means to be quantitative: 1) 
complete recovery of phosphorus was obtained by eluting 
samples of lipid placed on small squares of silicic acid- 
impregnated paper; 2) red cell lipids were extracted and 
were separated by the method of column chromatography 
described below. Then fraction 3, containing lecithin 
and a small percentage of sphingomyelin, was analyzed 
quantitative chromatography. Fraction 4, 


by paper 


containing sphingomyelin predominantly, was analyzed 


after ridding it of traces of lecithin and lysolecithin by 
mild alkaline hydrolysis, according to (19) ; 
98.6 and 96.5 per cent of the phosphorus of fractions 3 


Dawson 


and 4 applied to the paper chromatogram were recovered 
as phosphatide phosphorus, and 0.9 and 1.4 per cent of 
the phosphorus remained at the origin. 

The method 
chromatography described by Marinetti 
(14), which is a modification of the method of Lea and 
(1), The lipid extracted from 
9 ml plasma was placed on a column containing 10 g 
(Mallinckrodt AR 100 Nonphos- 


phatides were removed with chloroform. Four phospha- 


Column chromatography. for column 


and colleagues 


co-workers was used. 


silicic acid. mesh). 
tide-containing fractions were eluted with the following 
1) 95 ml 20 methanol in chloro- 


form (vol/vol) ; 2) 95 ml 30 per cent methanol in chloro- 


solvents : per cent 


form; 3) 150 ml 50 per cent methanol in chloroform; 
4) 125 ml absolute methanol. The phosphorus in each 
fraction was determined, and a quantitative paper chro- 
matographic analysis was carried out on each fraction. 
Figure 2 depicts drawings of paper chromatograms of 


the four fractions. 


PAPER CHROMATOGRAMS OF COLUMN FRACTIONS OF LIPID EXTRACT OF 
Origin. 2, Probably lysophosphatidylethanolamine. 3, 


5 


: 
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Lecithin. 6, Sphingomyelin. 7, Lyso- 


RESULTS 


Quantitative analysis of the phosphatides by pa- 
per chromatography. In each paper chromato- 
gram the areas containing lysolecithin, sphingo- 
phosphatidylethanolamine 


The first three 


myelin, lecithin, and 
were analyzed for phosphorus. 
phosphatides contained most of the phosphorus 
and were considered to be the major components 
of the plasma phosphatide group. The amount of 
phosphorus contained in phosphatidylethanolamine 
has given an optical density from 0.015 to 0.056 
in 61 determinations. Table | 


values are not far above the phosphorus blank for 


shows that these 


the area of paper occupied by phosphatidyletha- 
nolamine. Since the value calculated for phos- 
phatidylethanolamine on the basis of paper chro- 
matographic analysis alone may therefore be 
subject to a large error, it has not been used in 
calculating either the amount of the chloroform- 


soluble phosphorus accounted for as phosphatide, 


or the percentage composition of the phosphatides. 


3esides phosphatidylethanolamine, two other 


minor phosphatides have been found. A substance 
tentatively identified as inositol phosphatide has 
been detected in every sample. It overlaps the 


lysolecithin spot to some extent (see Figure 1). 
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The value determined for lysolecithin can be ex- 
pected to be slightly high by that amount of inosi- 
tol phosphatide included in the lysolecithin area. 
A faint spot can often be detected by a ninhydrin 
test in the sphingomyelin area, probably represent- 
ing lysophosphatidylethanolamine. The three mi- 
nor components—phosphatidylethanolamine, inosi- 
tol phosphatide, and lysophosphatidylethanolamine 
—have been separated and quantitated by the com- 
bined column and paper analysis (see Table IV). 
The errors introduced by the exclusion of phos- 
the 
phosphatide from the calculations, and by the in- 


phatidylethanolamine and part of inositol 
complete chromatographic resolution of inositol 


phosphatide and lysophosphatidylethanolamine 
from the major phosphatides, can be seen to be of 
small magnitude. 

Values obtained from the paper chromatographic 
analyses of plasma from normal subjects are listed 
in Table II. 


terms of the amount of phosphorus in each con- 


These values are expressed both in 


stituent and the percentage of phosphorus in each 
constituent relative to the sum of the phosphorus 


in the three constituents measured. It is seen that 
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levels of chloroform-soluble phosphorus and of 
phosphorus in each constituent vary considerably 
from one sample to the next even when the samples 
have been obtained serially from the same subject, 
but that the percentage distribution of the phos- 
phatide components varies much less. The chloro- 
form-soluble phosphorus is also seen to rise after 
a meal, as does each phosphatide, but the rela- 
tionships of the individual phosphatides to each 
other change m:.ch less. 

Quantitative analysis by a combination of col- 
umn and paper chromatography. Thirteen plasmas 
from normal persons and from patients with 
various disease states (five from normal subjects, 
three from a patient with pulmonary disease, five 
from patients with nephrosis) have been analyzed 
by a combination of column and paper chroma- 
tography. 

Figure 2 shows drawings of paper chromato- 
grams of the four fractions collected by column 
chromatography. Column fraction 1, by paper 
chromatography, contained phosphatidylethanola- 
mine and a small amount of a substance that was 


ninhydrin-positive and had the mobility and stain- 


TABLE Il 


Data on paper chromatographic analyses of plasma from normal subjects 


Sphingo- 
myelin 


Lyso 
lecithin 


Chloroform 
Subject soluble P Lecithin 
?/ml plasma 
16.3 56.6 
19.9 66.7 
12.4 $1. 
18.5 Gr. 
17.8 66. 
11.6 30. 


ug/ml ugk 
98.7 
123 
88.6 
114 
123 
58.6 


tt he 
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67.9 
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Q Y/ ( ml plasma 
6.9 20.8 78.3 

9.9 20.7 96.1 

9.2 17.6 70. 

7.6 19.9 92 

8.3 19.§ 91.! 

9.9 2? a7. 
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* Phosphatide phosphorus is the sum of the phosphorus in lysolecithin, sphingomyelin, and lecithin per ml plasma 


+ Per cent chloroform-soluble phosphorus in phosphatides = 


phosphatide P 
. - 00. 
chloroform-soluble P x1 


t Time-interval after a breakfast of 2 eggs, butter, 2 slices toast and black coffee with sugar. 
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TABLE III 


Percentage of total phosphorus of each column fraction 
identified as phosphatide phosphorus 


Total phosphorus recovered 
Chloro as phosphatide Recovery of 
form P from 
soluble Frac. 1 Frac.2 Frac.3 Frac. 4 column 


Lysophos 


P/ml 
plasma 
88 
51 


63 


Phospha 


49 
54 
19 


27 


> 
—a1— oO 


76.1 
75.0 


ri 


Un de we bo 
WIS Ww SI 
ee 


Lecithin 


= 


d4 


Total phosphatide phosphorus 


ing characteristics with rhodamine 6G of lyso- 
phosphatidylethanolamine. No phosphatidylserine 
was found. Fraction 2 contained a spot which 
had the mobility of inositol phosphatide. Frac- 
tion 3 contained lecithin and fraction 4 contained 
sphingomyelin and lysolecithin. The resolution be- 
tween fractions 3 and 4 was never perfect. Usu- 


present 


present 


ally, a small amount of lecithin appeared in frac- 
tion 4, and occasionally a small quantity of 
sphingomyelin appeared in fraction 3. The total 
amount of each constituent, however, was deter- 
mined from the quantitative paper chromato- 
graphic analyses of the column fractions. 

The percentage of the total phosphorus of each 
fraction, which is identified as phosphatide phos- 


present 


present 


phorus, is listed in Table III, and will be com- 
mented upon in the discussion. Table IV shows 
the data from representative analyses performed on 
both normal and abnormal plasmas by paper 


Lecithin 


chromatography alone, and by a combination of 
column and paper chromatography. The results 
obtained by these two methods show no consis- 
tent differences except for the lower values for 
lysolecithin obtained by the latter method, which 
will receive comment in the discussion. Table IV 
shows the minor contribution that inositol phos- 


Data from representative analyses obtained by a combination of column and paper chromatography 


phatide, phosphatidylethanolamine, and lysophos- 
phatidylethanolamine make to the phosphatide 
analysis because of their low levels and also be- 


Technique 


cause of the small percentage of the total phos- 
phatide phosphorus which they represent when 
they are included in this calculation. 


mn and paper. 


+ Number of determinations. 


DISCUSSION 


The data for the composition of the phospha 
tides of normal plasma presented here are in gen- 


eral agreement with the findings of Phillips (3) 
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Normal fasting values for serum phosphatides calculated from the data of other investigators 


Sphingo 
myelin 


Samples 


Investigator analyzed 


Lecithin 


Sum of average of 3 major 
phosphatides 
Phospha 
tidylethanol 
amine 


Lyso 
lecithein 


Lyso 
lecithin 


Sphingo 


myelin Lecithin 


ug P/ml serum 


14.9 
26.7 
Av. 19.2 


Range 


Range 
Phillips (3) 


Gjone, Berry and 60.2 


Turner (8) 
Av. 17.9 


Polonovski, Etienne 
Paysant and Petit (11) 
Marinetti, Albrecht, Range 
Ford and Stotz (15) 


Av. 


Range 
Nelson and Freeman (9) 


Av. 


* Eluted together. 


61.1 
81.9 
69.0 


109.5 
65.47 


6. 


+ Calculated from the average ester bond/phosphorus ratio and from the average total phosphorus for the fraction 


containing lecithin and sphingomyelin. 
t Both samples were plasma. 


§ Calculated from the infrared measurements, assuming 


Marinetti, Albrecht, Ford and Stotz (15), and 
others (8, 11), but slight differences in the val- 
ues for several components are apparent (Table 
Vi 

All workers confirm the presence of lysoleci- 
thin in normal plasma, with the exception of Nel- 
son and Freeman (9); their failure to identify 
this component by silicic acid column chromatog- 
raphy and infrared spectroscopy is probably due 
to the qualitative similarity of the infrared spec- 
trum of lysolecithin to that of lecithin, with which, 
in their system, the lysolecithin would probably 
be eluted (8). The quantitative estimation of 
lysolecithin in plasma has varied slightly among 
(Table V). The 


obtained for lysolecithin in an analysis might pos- 


different investigators value 


sibly be influenced by four factors: 7) washing the 
lipid extract with water; 2) incomplete elution of 
lysolecithin from the column; 3) contamination 
by another phosphatide; and 4) variability of the 
blank value in relation to the value for lysolecithin. 
Phillips washed his lipid extracts with water, and 
reported a loss of less than 1 per cent of the 
If lysolecithin, 


total phosphorus in the washing. 


being water-soluble as well as chloroform-soluble, 
were selectively washed out, it would be possible to 


that phosphorus = weight of phosphatide/25. 


lose up to 15 per cent of the lysolecithin from the 
extract. This factor alone cannot account for the 
lysolecithin values of Phillips being slightly lower 
than those of others, because higher values were 
reported by Gjone, Berry and Turner (8), who 
also washed their extracts and who reported no 
loss of lysolecithin because of this. Incomplete 
elution of lysolecithin from the column has oc- 
curred at times in our hands, and may account 
for the fact that the values for this phosphatide 
that we have obtained by a combined column and 
paper chromatographic analysis are lower than 
the values obtained by paper chromatographic 
analysis alone. The latter values agree with the 
data of Gjone and colleagues (8), who used the 
column technique of Hirsch and Ahrens (6). 
This technique is the most closely controlled of any 
devised to date, and it also is the only one that 
permits the elution of pure lysolecithin as a sepa- 
rate fraction. Contamination of lysolecithin by 
another phosphatide in paper chromatography may 
give a falsely high value. The lysolecithin spot 
from which phosphorus is eluted in our procedure 
is always overlapped to a small extent by the inosi- 
tol phosphorus spot. However, most of the inosi- 
tol phosphatide is excluded when the paper is cut, 
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and since the total amount of inositol phosphatide 


the error intro- 
Table 
I shows that the individual values obtained for the 


present is not large (Table IV), 
duced by this overlap must be quite small. 


lysolecithin blank differ as much as 0.005 optical 
density units from the average 0.009 which is used 
to calculate the value of lysolecithin. This differ- 
ence introduces the possibility of a 10 per cent 
error in our lysolecithin calculation. It is not 
known which of these factors, singly or in com- 
bination, is responsible for the small differences in 
ly solecithin concentration reported by various 
investigators, and it cannot be stated with cer- 
tainty at the present time which absolute values 
for lysolecithin are the correct ones. 

All figures for phosphatidylethanolamine are 
higher than ours, as shown in Tables IV and V. 
Other figures are derived from the phosphorus 
content or infrared spectrum of the cephalin frac- 
tion, while ours come from the phosphorus con- 
tent of the phosphatidylethanolamine itself which 
has been determined by paper chromatography of 
the first column fraction and which comprises 55 
per cent or less of the phosphorus in this fraction. 

We have never found phosphatidylserine in 


2 


plasma, nor have Phillips (3), Marinetti and co- 
workers (15), or Troup, Reed, Marinetti and 
Swisher (20); although Gjone and colleagues 
(8) and Nelson and Freeman (9) have reported 
finding traces of this constituent, and Phillips (3) 
has found serine in chromatograms of hydroly- 
Phillips’ 


paper chromatograms of extracts of whole plasma 


sates of lipid extracts of whole plasma. 


without hydrolysis, on the other hand, did not 
reveal serine or phosphatidylserine, indicating the 
possibility of the presence of very small amounts 
of other esters of serine, from which it could be 
liberated by hydrolysis. 

The use of quantitative paper chromatography 
combined with column chromatography permits 
the identification and quantitation of the minor 
components—lysophosphatidylethanolamine, phos- 
phatidylethanolamine, and inositol phosphatide. 
We think it is useful to present the data for the 
levels of plasma phosphatides in normal subjects 
in terms of the percentage of phosphorus in each 
constituent relative to the sum of the phosphorus 
in the three major constituents, because these data 
can be derived from a paper analysis alone. In in- 
vestigations of clinical and experimental situations 


NYE, CHRISTINE WATERHOUSE 


AND GUIDO V. MARINETTI 


in which abnormalities of “cephalin” levels or 
metabolism might be looked for, more accurate 
data can be obtained by the combined use of col 
umn and paper chromatography. 

Marinetti and colleagues (15) have found that 
as little as 80 per cent of the phosphorus in a total 
lipid extract may be accounted for as phosphatide, 
and we have found as little as 74 per cent in nor- 
mal subjects (Table II) and even less in ab- 
normal subjects (Table IV). We have assumed 
that this discrepancy represents carry-over by 
our extraction procedure of nonlipid phosphorus 
of unknown nature from the plasma, inasmuch as 
the lipid phosphorus of other tissues is accounted 
for quantitatively as phosphatide phosphorus by 
Mari- 


netti, Witter and Stotz have demonstrated with 


the same paper chromatographic methods. 


P**-Jabeled orthophosphate and glycerophosphate 
that these water-soluble phosphates may be ex- 
tracted with lipid, but that, after separation by 
paper chromatography, they wiil be removed to 
a great extent by the rhodamine staining proce- 
(21). 


containing compounds (except lysolecithin) that 


dure Since all water-soluble phosphorus- 
have been tested remain at or near the origin on 
the paper chromatograms, those that might be 
present in plasma that are not removed by staining 
would not interfere with the quantitative analysis 
of the phosphatides (15, 21). Quantitative re- 
covery of the phosphorus placed on a column usu- 
ally occurs during the elution process. Contami- 
nants that might be present in the lipid extract 
placed on the column would be delivered, at least 
partially, to the eluted phosphtide-containing frac- 
tions. To illustrate the distribution in the column 
fractions of the phosphorus that is not accounted 
for as phosphatide, Table III lists phosphatide 
phosphorus and the total phosphorus of each 
fraction expressed as a percentage. 


SUMMARY 


Plasma from normal fasting subjects was ana- 
lyzed for the three major phosphatide constituents 


by means of quantitative paper chromatography. 


The values obtained are in agreement with pub- 
lished results obtained by the use of column chro- 
matography, with certain minor exceptions which 
are discussed. The total chloroform-soluble phos- 
phorus and absolute quantity of each constituent 
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vary considerably, but the relative composition of 


the phosphatides varies much less. 

By means of combined column and paper analy- 
ses, all components can be quantitated, whereas by 
paper analysis alone, which requires one-third as 
much time, the three major components are quan- 
titated, and the presence of the three other known 
components is confirmed. 
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Abnormalities in the plasma lipids have been 
correlated with the nephrotic syndrome for many 
Zone (3) 
(4), Cohn fractionation (5), and ultracentrifugal 


years. and immunoelectrophoresis 
analysis (6, 7) have all confirmed increased con- 
centrations of certain plasma lipoproteins. Re- 
cent studies by Baxter, Goodman and Havel (7) 
have documented abnormal proportions of cho- 
lesterol, triglyceride and phospholipid in the lipo- 
protein classes. 

Neither the course of events leading to these 
abnormalities nor their role in the manifestations 
of the nephrotic syndrome is well understood. 
Data on the phosphatides in this condition have 
been limited to alterations in the levels of the lipid 
phosphorus in the plasma and in the lipoprotein 
classes (7), and to changes in the incorporation 
of P** into the lipid phosphorus of plasma (8). 
A change in the composition of the plasma phos- 
phatides has been postulated on the basis of these 
P** experiments. This study was undertaken to 
investigate, by the use of chromatographic tech- 
niques, the individual phosphatides in the plasma 
of patients with the nephrotic syndrome. 


METHODS 


Hospitalized patients with the nephrotic syndrome were 
studied on the medical and pediatric wards of Strong 
Memorial Hospital. Venipuncture was performed in the 
fasting state (except for plasmas no. 7, 18 and 21, Tables 
I and II, which were obtained immediately after light 
lunches) and blood was collected in a bottle containing 
potassium oxalate. Plasma separation, lipid extraction, 
chromatography 
(9). 


and quantitative paper and column 


were performed as previously described Serum 


cholesterol and albumin were determined in the 
Clinical 


Rochester Medical Center by the method of Bloor (10) 


serum 


Chemistry Laboratory of the University of 


* Some of the data have been reported in abstract form 
(2.2). 
+ Postdoctoral Research Fellow of the National Heart 


Institute. 


and by electrophoresis with a Spinco apparatus at pH 
8.6, respectively. 

Preparative ultracentrifugation of plasma was carried 
Eder and (6). 
KBr 


classes : 


out as described by Havel, 3ragdon 
Plasma densities were adjusted with solutions of 
and NaCl to yield the following density (D) 
< 1,019, < 1.063, and > 1.063. The components of the 
class D 1.019-1.063 were calculated by difference when 
ever feasible. Separation was accomplished in a Spinco 
model L ultracentrifuge with a 40 rotor, with 105,400 G 
at the tube centers for 22 hours at 2° C. The super- 
natant layer of each tube was removed by pipet and was 
transferred to a 100 ml éxtraction tube. Lipid adhering 
to the tube cap was washed into the extraction tube with 
0.15 N After the supernatant 


layer and the beginning of the clear intermediate zone 


saline solution. entire 
had been transferred, the plastic ultracentrifuge tube was 
cut with scissors and the upper portion of it was added 
to the extraction tube. The bottom of the ultracentri- 
fuge tube, containing the infranate and the remainder of 
the clear zone, was placed in a second extraction tube. 
Lipid extraction was performed with 29 ml methanol- 
chloroform 25:4 (vol/vol), followed by 15 ml methanol- 
chloroform 1:1 used three times. 

The first three extractions were at 60° C for 2 minutes 
and the fourth extraction was for 1 hour at 60° C. 
After adding benzene, the pooled extracts were taken to 
The lipids 

behind a 


each 


dryness with a rotary vacuum evaporator. 


were re-extracted with chloroform, leaving 
large amount of residue, presumably composed mostly of 
KBr and perhaps some NaCl. Further preparation of 
each extract, and phosphatide analysis by quantitative 
paper chromatography were carried out as_ previously 
described (9). 

While lipid extracts of whole plasma have always 
dried to a constant weight of 60° C under a stream of 
nitrogen in less than 1 hour, and have then appeared 
solid, extracts of the density classes have never become 
more than partially solidified after 1 hour of drying, at 
which time isoamyl alcohol-benzene 1:1 was added, and 


chromatography was carried out. 


RESULTS 
Distribution of major phosphatides in whole 


plasma. Table I shows the data on plasma sam- 


ples obtained from each patient during the study, 
and Table II shows the data on serial plasma sam- 
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Chloro- 
torm- 
Plasma Patient soluble P 


pue/ml 


154 
119 
135 

82 
173 
118 

83 
217 
187 


COONAN WN 


ples of two of these patients. 


TABLE I 


NEPHROTIC SYNDROME 


Data on plasma samples of all patients with the nephrotic syndrome 


Serum 
choles- 
terol 


Serum Lyso- 


albumin 


Total 


Appearance 
lipid 


of plasma 
mg/ml mg/100 ml 2/100 ml 
16. 
iz. 
14. 
71. 
21. 
13. 
14. 
28. 
20.6 


365 
452 
§22 
468 
620 
420 
564 
890 
880 


26.9 
16.5 
6.1 
10.7 
20.6 
26.1 
17.8 
4 

6 


clear 
clear 
clear 
clear 
mod. lact. 
clear 
lact. 
lact. 
slightly lact. 


sn n 


NR OOMmBWwWaTAwN 


12.0 
60.7 
49.7 
10.1 


clear 
lact. 
lact. 
clear 
clear 


clear 
clear 


In ten samples in 


lecithin 


Sphingo- 


myelin 


P/ml plasma 


Wm wW Ubdo 
SOHO 
oe of) 


31.6 
16.9 


Lecithin 


45.2 
20.6 
7.4 
37.4 
93.6 
60.0 
16.6 
110.0 
106.0 


Phosphatide phosphorus 


Sphingo 
myelin 


Lyso- 


lecithin Lecithin 


Group A 


SNe 


mwwunnun 
oO 


So 
NUD Ut Ue 


i KD RO = = ee NO OD 

Co WO DH 1D OD 00 

WHE NNN A LW 
CoMmnunu 


o> Se 


pea 


Group B 


56.8 
140.0 
105.2 

67.2 

67.1 


( 


‘i: 
Ri. 
13. 
14. 

6. 


Normal distribution 


107.0 
46.1 


(Pe 
11.1 


Ranges of normal value 


12.4 
20.6 


30.9-— 


71.7 


6.9 
11.7 


individual major phosphatides were found, regard- 


which the level of cholesterol was elevated and that 
of albumin was depressed, the level of chloroform- 
The of 


chloroform-soluble phosphorus was raised in all 


soluble phosphorus was normal. level 


other plasmas. 
Elevations in the level of one, two, or all three 


TABLE 


less of the levels of the chloroform-soluble phos- 
phorus, in all but two plasmas. In the latter (nos. 
16 and 22) depressed or normal, but not elevated, 
levels of one or more phosphatides were found. 
However, when the proportions among the major 


phosphatides were considered, a single pattern of 


Il 


Data on serial plasma samples of two patients with the nephrotic syndrome 


Chloro- 
torm- 


Plasma Date soluble P 


pue/ml 


82 
125 
149 
121 
155 
163 


AS 
> © 


_ 
Umum 
Coos 


! 
| 


Serum 
choles- 
terol 


Serum 
albumin 


Total 


Appearance 
lipid 


of plasma 


mg/100 ml 2/100 ml 
Patient D.C. 
468 1.4 
653 0.7 
641 
839 
905 1.6 
555 gA 


mg/ml 


clear 
clear 
clear 
clear 
slightly lact. 
clear 


SS ee 
— OO UII 
“SIs Iw Ww 


Patient E.J. 
452 
600 
792 
455 


clear 
clear 
clear 
clear 


Lyso- 
lecithin 


Sphingo 
myelin 


Lecithin 


ug P/mi plasma 


WN bo 
sINus 


— 


~I 2 if 


Phosphatide phosphorus 
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lecithin Lecithin 


nw 


CO Ub 
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an 
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TABLE III 


Phosphatide analyses of lipoprotein density classes 


Density 


class 


Chloroform 


Patient soluble P 


plasma 

<1.019 

<1.063 

> 1.063 
1.019-1.063 


GA. 


plasma 
<1.063 
> 1.063 
plasma 
< 1.063 
> 1.063 


as. 


B.W. 


Normal subjects 
W.N 


plasma 
<1.019 
< 1.063 
> 1.063 
1.019-1.063 


plasma 
<1.019 
< 1.063 
> 1.063 
1.019-1.063 


*Sample obtained from 


Phosphatide phosphorus 


Sphingo 
myelin 


Lyso- 


Sphingo- 
lecithin 


myelin 


Lyso 


lecithin Lecithin 


Lecithin 


ugP/ml plasma 
29.5 60.0 
3.0 10.0 
30.0 
19.2 
20.0 


© 


22.6 


We bdo ho to 

NmonNoore MN 

NINA 
we noe 
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— i Co 00 tn 
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19.6 
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6.0 3.9 
2.6 6.1 
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nonfasting subject showing an increase in level and percentage of lysolecithin in plasma 


but lower values for these in D< 1.063 than are shown by the abnormal plasmas. 


abnormality was observed, consisting of an in- 
crease in the percentage of lysolecithin and sphingo- 
myelin, and a decrease in the percentage of lecithin. 
For convenience, the samples have been separated 
into two groups, A and B. Under group A are 
listed those samples that showed the abnormali- 
ties mentioned above in all three major phospha- 
tides, while under group B are listed the samples 
in which one or more of the major phosphatides 
were normal in proportion. Wherever abnormali- 
ties did occur in group B, they were in the same 
Although divided 


direction as those in group A. 


into two groups, the set of samples actually pre- 
sented a spectrum of abnormality ranging in de- 
gree of severity from marked in some samples of 
group A, through minimal in many samples of 
group B, to two samples which had entirely nor- 
mal proportions. The degree of abnormality in 
the proportions among the major phosphatides 
listed in Tables I and II was not related to the 
levels of total lipid, cholesterol, or chloroform- 
soluble phosphorus, or to the degree of lactescence 


of the plasma. 


Ranges of normal values presented in the previ- 
ous paper are listed at the bottom of Table I for 
comparison. 

Distribution of major phosphatides in lipopro- 
tein classes. Plasma samples 6 and 9 of group A, 
sample 11 of group B, and two normal samples 
were separated into density classes by ultracentri- 
fugation. The phosphatide compositions of the 
density classes were determined in order to as- 
certain in which class the abnormal proportions 
occurred. The values obtained are listed in 
Table ITT. 

The recovery of phosphorus in the density 
classes was relatively low, due probably to incom- 
plete re-extraction of lipid by chloroform from 
the large amount of inorganic residue present in 
the methanol-chloroform extract of the density 
classes. Comparison of the levels of each phos- 
phatide in the density classes with its level in 
plasma reveals that the loss of lecithin was least, 
while that of lysolecithin was greatest. In spite 
of this, the abnormal phosphatide relationship 


manifest in whole plasma still appeared in the 
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density classes, at D < 1.063 in each instance, 
and in the class D 1.019-1.063 when the contents 
ot that class could be satisfactorily calculated. 
Minor phosphatide components. 
tides of two group A plasmas and of three group 


The phospha- 


B plasmas were also analyzed by combined quan- 
The 


results of these five analyses confirmed the pres- 


titative column and paper chromatography. 


ence of the abnormalities in proportions that had 
been found among the major phosphatides by 
quantitative paper chromatography. In addition, 
the minor phosphatides were analyzed. The sum 
of phosphatidylethanolamine plus lysophospha- 
tidylethanolamine was determined in four samples 
and was present at the concentrations of 0.3 to 1.3 
pg P per ml plasma and constituted 1.1 to 2.4 per 
cent of the sum of the three major plus the three 
minor phosphatides. Inositol phosphatide was de- 
termined in three samples, was present at the 
concentration of 0.1 to 0.4 wg P per ml plasma, and 
constituted 0.3 to 0.9 per cent of the sum of the 
six phosphatides. Values obtained for the three 
minor phosphatides of plasma from normal sub- 
jects and patients with several disease states, 
which were presented in the preceding paper (9), 
indicate that the concentrations of these phospha- 
Within 


these narrow ranges, the existence of significantly 


tides lie within relatively narrow ranges. 


different means for the normal subjects and for 
patients with the nephrotic syndrome can_ be 
neither proven nor disproven until many more 


data are gathered. In all other samples, the minor 


TABLE 
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phosphatides have been investigated qualitatively. 
Inositol phosphatide has been detected in every 
sample by veiwing the paper chromatogram under 
ultraviolet light after staining with rhodamine 
6G. 
tected in many, but not all, samples and phospha- 


Lysophosphatidylethanolamine has been de- 


tidylethanolamine has been detected in all but two 
samples (1 and 2) by a ninhydrin test on the 
paper chromatogram. 

Correlation of clinical findings with plasma phos- 
phatide abnormalities. Percutaneous renal biopsy 
was performed on all patients except M.L. and 
B.W. The biopsy findings and plasma phosphatide 
analyses are summarized in Table [V. All un- 
treated subjects who have shown no glomerular 
change on biopsy and no clinical progression to 
chronic nephritis have had a group A phosphatide 
pattern (FG. GO. H.A., DC.), 
patients who have had only a group B pattern have 


whereas those 


had evidence of underlying glomerular disease 
(L.A, bot..). 
pattern 


Transition from a group A to a 


group B has occurred with successful 


steroid therapy (D.C.), with an indeterminate 
clinical course without steroid therapy (J.S.), and 
with progression to chronic nephritis (E.J.). 
Whether these patterns will be seen in future cases 


is conjectural. 


DISCUSSION 


Although many studies have been carried out, 
the etiology of the abnormalities seen in the cir- 
culating lipids in the nephrotic syndrome has not 


IV 


Correlation between phos phatide analyses and findings on percutaneous renal biopsy 


Phosphatide 


Plasma Patient Date 


1 *.G. 59 
6 a, oe 59 
9 A. 3/60 
5 M.D. 5/60 
4,17 - 59, 8/59 
18, 19 y oe 60, 8/60 
20, 21 <. 60, 8/60 
2 2. 2/59 
22, 23, 24 2. J. 59, 4/59, 6/59 
3 iat 58 
16 |S. 59 
14 eo 59 
10 Phe 59 
15 x oe 59 
13 Po. Oe 59 


abnormality 
Group 


Date of biopsy Biopsy report 


2/59 No glomerular change 
58 No glomerular change 
60 No glomerular change 

60 Membranous glom. change 
No glomerular change 


Membranous glom. change 
Chronic glomeruloneph. 
Membranous glom. change 


Subacute glomeruloneph. 


Acute glomeruloneph. 


* All biopsies showed tubular changes compatible with nephrosis. 
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as yet been elucidated. Some investigators have 
felt that the increase in concentration of plasma 
lipids may be related to an inadequate “clearing 
mechanism,” due chiefly to hypoalbuminemia, 
since, in subjects with the nephrotic syndrome, 
plasma lipid levels are reduced after intravenous 
(11). 
tive changes in the production or removal of nor- 


infusions of albumin However, quantita- 
mally constituted circulating lipids seem inadequate 
to explain the phenomena that are observed. 
Since the increased concentration of lipids is ap- 
parently confined to the vascular compartment, 
and perhaps to the liver (12) and since the plasma 
lipids in the nephrotic syndrome can be influenced 
by certain factors which produce changes in them 
in normal subjects (13), the postulation of a 
“trapping effect” due to abnormalities in the 
plasma lipoproteins themselves has seemed _ rea- 
sonable. This was originally proposed by Byers, 
Friedman and Rosenman (14), and subsequently 
given experimental support by them (15). 

There are two pieces of evidence which may 
be interpreted to mean that the lipoproteins of 
The 


studies of 


the serum in the nephrotic are abnormal. 
first relates to the electrophoretic 
Kunkel Slater 
from the ultracentrifugal analyses of 


and (3), and the second issues 
Jaxter and 
colleagues (7). 

Kunkel and Slater studied the lipoprotein pat- 
tern of hyperlipemic sera by zone electrophoresis. 
In childhood nephrosis they observed that a-lipo- 
protein was markedly reduced, 8-lipoprotein was 
absent, and that there were two or three irregular 
peaks between the a and 8 positions. These peaks 
might have resulted from poor separation of the 
a, from the B-globulin (16), due partially to ex- 
cess binding of free fatty acids to the 8-lipopro- 
teins (17), or they might have been partially due 
to abnormalities in the lipoproteins themselves. 
The ultracentrifugal analyses of Baxter and col- 
leagues (7) have revealed abnormal proportions 
among the lipid constituents of individual lipo- 
protein fractions of nephrotic serum, which dem- 
onstrate that these lipoprotein fractions are not 
normal within themselves. 

The marked disturbance in the nephrotic syn- 
drome in the relationship among the plasma phos- 
phatides reported in this paper, together with the 
finding that this is at least partially due to the 
similar disturbances within lipoprotein classes, 
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adds additional evidence that lipoproteins them- 
selves are abnormal in this condition, and thus re- 
inforces the basis upon which to build a theory 
of “trapping” to explain the development and 
maintenance of increases in the plasma lipid levels 
that are observed in the nephrotic syndrome. 

If alterations in the rates of synthesis of indi- 
vidual phosphatides do occur, as is postulated, one 
may speculate on what metabolic changes might 
The 


pathways for the individual phosphatides are not 


be responsible for this. normal metabolic 
as yet completely worked out in experimental ani- 
mals, and have not been extensively studied in 
human beings. Fishler, Entenman, Montgomery 
and Chaikoff (18) p**. 
inorganic phosphate is not converted to phospho- 


have demonstrated that 


lipid in hepatectomized dogs, and that, when the 
liver is excluded from the circulation of the dog, 
the rate of disappearance of P**-phospholipid is 
greatly prolonged. The livers of various animals 
have been found to contain all of the phosphatides 
that have been identified in humaa plasma (19). 
Enzyme systems have been prepared from liver 
that catalyze the formation of lecithin from di- 
glyceride and cytidine diphosphate choline (20), 
of phosphatidylethanolamine from diglyceride and 
cytidine diphosphate ethanolamine (20) (both of 
these occur with the same enzyme), of sphingo- 
myelin (in the form of a stereoisomer of the natur- 
ally occurring compound) from a ceramide and 
cytidine diphosphate choline (21), and of lecithin 
from lysolecithin (22). 

Suppression of the conversion of lysolecithin 
to lecithin, and of diglyceride to lecithin and phos- 
diversion of phos- 


phatidylethanolamine, with 


phorylcholine to sphingomyelin, and of diglyceride 


to triglyceride, would make available to the plasma 
altered amounts of the phosphatides which would 
with the 
found among the individual phosphatides in the 


be compatible abnormal proportions 


plasma of patients with the nephrotic syndrome. 


SUMMARY 


The plasma phosphatides lysolecithin, sphingo- 
myelin, and lecithin have been quantitatively ana- 
lyzed by silicic acid chromatography in patients 
with the nephrotic syndrome, and an abnormality 
consisting of a higher proportion of lysolecithin 
and sphingomyelin, and a lower proportion of 
lecithin, has been found. 
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In the most markedly abnormal plasmas, all 
three of the above changes were found, while in 
the less abnormal plasmas, one or two of these 
changes were found, the remaining phosphatides 
being present in normal proportion. On frac- 
tionation of three abnormal plasmas by ultra- 
centrifugation, an abnormality in phosphatide 
distribution was found in the low-density classes 
in each case. The degree of abnormality was not 
related to the levels of total lipid, cholesterol, or 
chloroform-soluble phosphorus, or to the serum 
albumin levels, nor could it be absolutely corre- 
lated with renal biopsy findings or with the clini- 
cal course in all cases. However, the demonstra- 
tion of this abnormality in plasma and in lipo- 


protein classes is further evidence of the abnormal 


constitution of lipoproteins in the nephrotic syn- 


drome. 
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In patients with renal insufficiency, the elevated 
plasma nonprotein nitrogen cannot be accounted 
for solely by the rise in the urea nitrogen (2). It 
is known that other nitrogenous materials such 
as creatinine and uric acid contribute to this eleva- 
tion. Since free amino acids also contribute to 
the nonprotein, nonurea nitrogen of plasma, sev- 
eral investigators have determined the amino acid 
composition of plasma from both normal subjects 
and patients with uremia. They have shown that 
in uremia, concentrations of the individual plasma 
are normal or that such alterations in concentra- 
tions as exist are slight and probably insignificant 


(3-7). In addition, the total a-amino nitrogen 
in plasma of patients with uremia remains ap- 
proximately normal (3-10). However, studies 
in which deproteinized plasma was hydrolyzed 
revealed that some amino acids are variably in- 
(3). 


suggested the presence of one or more amino acid 


creased in concentration These findings 
conjugates in the plasma of patients with uremia. 

The investigations described in this paper were 
undertaken to characterize further the amino acid 
conjugates in the plasma of patients with uremia. 
The general plan of the study consisted of meas- 
urement of a-amino nitrogen in deproteinized 
plasma of normal subjects, and of patients with 
uremia before and after hydrolysis. By means 
of dialysis through cellophane, rough indications 
were obtained of the molecular size of conjugates 
containing nitrogen. By chromatographic sepa- 
ration and serial fraction collections, the sources 
of conjugate nitrogen were concentrated. At- 


* Presented in part at the combined Annual Meetings 
of the American Society for Clinical Investigation and 
the American Federation for Clinical Research, Atlantic 
City, N. J., May, 1960 (1). This investigation was sup- 
ported by Grant H-4148 from the National Institutes of 
Health, Bethesda, Md., and a grant from the Kidney Dis- 
York. 


New 


ease Foundation of New 


+ Senior Research Fellow, York Heart Associa 


tion. 


2, 1961; accepted March 13, 1961) 


tempts were then made to identify the compounds 


accounting for the increase in a-amino nitrogen 
of plasma after hydrolysis. 
METHODS 


Patients. 
with 


Patients used in this study had been hos- 


pitalized symptomatic chronic renal insufficiency 
due to a variety of renal diseases including chronic glo- 
merulonephritis, chronic pyelonephritis, nephrosclerosis, 
and congenital polycystic kidney disease. None had liver 
other diseases. 


None 


was receiving a blood transfusion at the time a speci- 


disease, diabetes mellitus, or metabolic 


None had recent surgery, wounds, or infarction. 


men was obtained or within 24 hours prior to collection 
Blood specimens were taken from an antecubital vein 
without stasis, through an 18-gage needle into a sili- 
conized glass syringe, and transferred immediately into 
a siliconized Erlenmeyer flask containing 0.1 mg of dried 
The 


separated promptly by centrifugation and the plasma was 


sodium heparin per 10 ml ot blood. cells were 
processed immediately. 

Alpha-amino 
Plasma proteins were removed by 


after 


precipitation with 1 


nitrogen before and hydrolysis. 


per cent picric acid (10). The picric acid was subse- 
quently removed by passage of a measured portion of 
the filtrate through a Dowex-2 resin column as described 
by Stein and Moore (11). Ultrafiltration through Visk- 
ing cellophane was performed at 4° C under 400 pounds 
per square inch of N, pressure (12). An aliquot of each 
filtrate was then hydrolyzed by sealing it with an equal 
volume of 12 N hydrochloric acid in a Pyrex test tube 
The 


acid was subsequently removed on a rotary evaporator. 


under nitrogen, and heating at 110° for 22 hours. 
The ninhydrin reaction was performed in triplicate at 
pH 2.5 by the gasometric ninhydrin method of Hamilton 
and Van Slyke (10). 

Because some CO, evolves from urea in the ninhydrin 
remove the urea. 


found desirable to 


Triplicate aliquots of each specimen, before and after 


reaction, it was 
hydrolysis, were placed in the ninhydrin reaction ves- 
sels, buffered to pH 6.1, and incubated 12 hours at 40° C 
with urease (10). The urease had previously been puri- 
fied by dialysis to remove canavanine and other ninhydrin- 
“blank” 


12 hours of incubation the reaction 


substances, thus reducing the deter 
After 
mixture was found to be free of urea, as determined by 
the method of Van Slyke and Cullen (14). Under the 


conditions described, less than 12 hours’ incubation with 


reacting 
mination (13). 
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urease was inadequate. The 12 hours of incubation did 
not alter the a-amino nitrogen determination of sample 
Recovery of a-amino nitrogen added as gly- 
+ 2 per 


plasmas. 
cine and glutamic acid to uremic plasma was 100 
cent. Plasma urea nitrogen was performed in duplicate 
(14); uremic plasma specimens were diluted with water 
(usually 1:10) so that all titrations were performed in 
the same range. 

Dialysis of amino acid conjugates. After removal of 
concentrated 4X on a 
Using the 


picrate, plasma filtrates 
rotary evaporator and adjusted to pH 3.4. 
Craig, King and Stracher dialysis cell (15), 2 ml of the 
specimen was placed in an acetylated 18/32 Visking cel- 


were 


lophane sac which was then transferred through a series 
of test tubes containing 5 ml of 0.01 M acetic acid, pH 
3.4 (15). 
aliquot of the initial specimen, and on the material re- 


Analyses performed on the dialysate, on an 


maining in the sac at the end of the experiment included: 
colorimetric ninhydrin after alkaline hydrolysis in tripli- 
cate (16), urea (14), glucose (17). 

Chromatographic separation of amino acid conjugates 
on ton-exchange resins. A _ picric acid plasma filtrate 
was added to the top of a 1.8 X 165 cm column of Am- 
berlite 1R 120 resin (18) equilibrated with 0.2 N, pH 
2.20 sodium citrate (19), or 0.2 N, pH 3.25 sodium citrate 
buffer (20). 
of 50 ml per hour, and approximately 300 3.0-ml frac- 


These were pumped through at a rate 


tions were collected. Unhydrolyzed aliquots of these 


fractions were analyzed for color developed with nin- 
hydrin (21). Additional aliquots of these same fractions 


TABLE I 
Free and conjugated a-amino nitrogen 
Post- Con 


hydrolysis jugated 
a-amino N a-amino N 


Plasma 


urea N a-Amino N 
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* On admission. 
t Two weeks later. 
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TABLE II 


Picric acid versus ultrafiltration 


Post Con 
hydrolysis jugated 
a-amino N a-amino N 


Normal 
Picric acid 
Ultrafiltration 
Uremic 
Picric acid 
Ultrafiltration 


were subjected to an arbitrary acid hydrolysis (1 hour 
in boiling water bath with equal volume of 6 N HCl), 
NaOH and the color developed 


were neutralized with 


with ninhydrin was determined. Identity and location of 
amino acids in the eluate were established by use of 
known standards and paper chromatography. Urea was 
identified by the urease reaction (14). Fractions con- 
taining substances localized by the ninhydrin reactions 
before and after hydrolysis were pooled, and the volume 
was reduced on a rotary evaporator. Analysis for pep- 
tide was performed by the biuret (22) and the Lowry- 
Folin reactions (23). Chromatography on a basic resin, 
Dowex 1-X 4 (acetate), was performed according to the 
method of Stein, Paladini, Hirs and Moore (24). Glu- 
(17). 


Phosphate was determined by the method of Lowry and 


cose was determined by the Somogyi reagent 


Lopez (25) before and after acid hydrolysis of the 


specimens. 
RESULTS 


Alpha-amino nitrogen before and after hydroly- 
sis. In ten patients with uremia, free a-amino 
nitrogen in plasma ranged from 3.4 to 5.7 mg per 
100 ml, with a mean of 4.7. 
trol subjects, the e-amino nitrogen ranged from 
3.4 to 4.9 mg per 100 ml, with a mean of 4.1. 
These values for free plasma a-amino nitrogen are 


In five healthy con- 


in accord with normal values established by other 
(9, 10, 26, 27). 
was a mean increase of 0.6 mg per 100 ml (range, 


workers After hydrolysis there 


0.1 to 1.0) in the normal plasmas. In deprotein- 
ized plasmas from patients with uremia, this in- 
crease ranged from 1.5 to 7.1 mg per 100 ml, with 
a mean increase of 3.0. The data are presented in 
Table I. obtained when 


Similar results were 


plasma was deproteinized by ultrafiltration (Table 
Il). 


performed, since the method involves definite pos 


Only a small number of ultrafiltrations was 


sibilities for error in procedure, as well as in 


theory. While the limited data precluded statisti- 
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CELLOPHANE AT A RATE FASTER 


CONJUGATED AMINO N_ DIALYZED THROUGH 


THAN UREA BUT SLOWER 


THAN GLUCOSE, 


cal comparison, it was our impression that picric 


acid deproteinization, although less convenient 
than ultrafiltration, gives more consistent results. 
This agrees with the findings of other workers 
(11). 

Dialysis of amino acid conjugates. The com- 
pounds which gave rise to the increased a-amino 
nitrogen upon hydrolysis dialyzed rapidly through 
cellophane. Efforts to increase the selectivity of 
the experiment by slowing the rate of dialysis 
were only partially successful, although acetyla- 
tion of the membrane and dialyzing into 0.01 M 
acetic acid did slow the rate, as noted by Craig 
(15). 
CO,-ninhydrin 


and co-workers After one experiment, 


manometric determinations on 
the dialysate were made, but dialysis of the un- 
known proceeded so rapidly that the concentration 
of a-amino nitrogen (after hydrolysis) in the 
dialysate fell off quickly. That is, only the earliest 
tubes of dialysate contained any reliably detectable 
e-amino nitrogen. The colorimetric ninhydrin 
method was applied and proved to be more sensi- 
tive than the manometric method. In these ex- 
periments alkaline hydrolysis was selected because 
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any ammonia formed would be driven off. In 
specimens from normal subjects, there was es- 
sentially no conjugated amino nitrogen, as shown 
by a lack of change in ninhydrin color after hy- 
drolysis. In specimens from patients with uremia, 
conjugate N dialyzed at a rate slower than that 
of urea, but faster than that of glucose (Figure 1). 
When the simple tripeptide glycylglycylglycine 
(mol wt 189) was added to deproteinized normal 
plasma, it dialyzed at the same rate as glucose 
(mol wt 185). 
specimens deproteinized by ultrafiltration. 


Similar results were obtained on 


Chromatographic separation of amino acid con- 
jugates on ion-exchange resins. Figure 2 illus- 
trates the amino acid pattern obtained by ion-ex- 
change chromatography on Amberlite 1R 120 of 
picric acid-deproteinized normal plasma. It can 
be seen that no additional peaks resulted upon 
no conjugated amino N was de- 
At the end of the 


the pH was progres- 


hydrolysis; 1.e., 
tected in the range examined. 
scheme shown in Figure 2, 
sively raised, resulting in separation and elution 
of the acidic, neutral, and basic amino acids in 
series (20) (vide infra). 

Figure 3 illustrates the typical result obtained 
in an identical experiment with a similarly pre- 
After 
hydrolysis of aliquots of the fractions, three dis- 


pared plasma from a patient with uremia. 


tinct peaks, labeled A, B, and C were found where 
there was little or no color prior to hydrolysis. 
Chromatography of the contents of peak C on 
Dowex-1 resulted in a single peak detectable only 
by performing the ninhydrin color after hydrolysis. 
Hydrolysis of pooled fractions was performed in 
a sealed glass tube with 6 N HCl, after which the 
When the desalted (28) 


specimen was examined by two-dimensional paper 


HCl was evaporated. 


chromatography, a single spot of glutamic acid 
was identified. An aliquot of the hydrolysate, 
which was subjected to quantitative analysis by an 
ion-exchange chromatography system employing 
an automatic recorder (27), revealed only glu- 
tamic acid and ammonia. This substance, there- 
fore, had the properties of phenylacetylglutamine 
(PAG) as determined by Stein, Paladini, Hirs 
and Moore (24). 

Synthetic PAG was obtained from Dr. William 
Stein and Dr. Stanford Moore of The Rockefeller 


Institute. Additional synthetic PAG was pre- 
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pared in our laboratory according to the method 
(29). Chromatog- 
raphy of both samples of synthetic PAG speci- 


of Thierfelder and Sherwin 


mens on the Amberlite 1R 120 preparative column 
followed by the arbitrary 1 hour hydrolysis of 
aliquots of effluent fractions yielded over-all re- 
coveries of 0.93, 1.14, 1.19, 0.93, and 1.18, with a 
mean of 1.1. The yields greater than unity may 
be due to ammonia liberated from glutamine to- 
gether with the e-amino N of glutamic acid. The 
factor (1.1), PAG 
concentration in the plasma of 10 patients with 
uremia, as shown in Table III. 

Peaks A and B contained carbohydrate, identi- 


mean was used to estimate 


fied as the plasma glucose. This glucose caused 
considerable humin formation on hydrolysis of 
concentrated fractions, and otherwise complicated 
unknown — sub- 


the further handling of these 


stances. It seemed probable that the contents of 
the peaks were acidic and would be retained on a 
basic resin, as was PAG. However, attempts at 


further separation by chromatography using vari- 


ION-EXCHANGE CHROMATOGRAM ON DEPROTEINIZED PLASMA FROM 


NORMAL SUBJECT. 


ous systems employing basic resins were not suc- 
cessful, the unknown usually eluting in a broad 
smear without peaks. The same negative results 
were obtained with paper chromatography and 
paper electrophoresis. When the contents of peak 
B were subjected to acid hydrolysis in a sealed 
tube and were chromatographed on the analytical 
ion-exchange resin system (30), several acidic 
TABLE III 


Plasma urea N and phenylacetylglutamine levels 
in uremic patients 
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and neutral amino acids were identified, as shown 
in Figure 4. The prominent peak at 80 effluent 
ml displayed an optical density at 440 mp which 
is higher than that seen with urea which is eluted 
in this area. An aliquot of the hydrolysate (prior 
to this chromatography) gave a negative urease 
reaction. The contents of this peak were not iden- 
tified, but a dense brownish mass, probably rep- 
resenting a fraction of the soluble humin, was 
eluted from the column at a time corresponding to 
this peak. No basic amino acids were present. 
Chromatography of the unhydrolyzed specimen 
yielded a small ninhydrin-positive peak emerging 


A yielded 


the same amino acids after acid hydrolysis as did 


before the position of taurine. Peak 
peak B. 

Other amino acid conjugates. The large in- 
crease in ninhydrin color after hydrolysis of the 
tubes containing urea suggested that this peak 
might contain other amino acid conjugates. How- 
ever, when the tubes were pooled, the volume 


reduced by evaporation, and the contents hydro- 
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lyzed, no amino acids were found upon ion- 
exchange chromatography. The concentration of 
taurine was not specifically determined in the 
plasmas studied but appeared to be variable. No 
additional amino acids were found underlying 
the taurine peak. In two experiments, the auto- 
matic recording apparatus employing a 150 x 0.9 
cm resin column for acidic and neutral ninhydrin- 
reacting components and a 50 x 0.9 cm column 
for basic components (30) was modified to allow 
splitting of the effluent stream at the bottom of 
(31). 
directed through the reaction bath and photom- 
The 
remainder was directed to a fraction collector, and 
600 2.0-ml The 


experiment was continued for several hours past 


the column One-tenth of the effluent was 


eters of the apparatus in the normal fashion. 


over fractions were collected. 
the position of B-aminoisobutyric acid on the 150 
cm column and the emergence of arginine on the 
50 cm column. In one experiment, both alkaline 
and acid hydrolysis were performed on aliquots 


of each fraction. In the second experiment, only 


e Ninhydrin color 
© Ninhydrin color after hydrolysis 


~~." 
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The material in the early part of the record represents decomposition products fron 


the plasma glucose and citrate buffer from the preparatory separation (see text) 


the previously described 1 hour acid hydrolysis 
was used. In these experiments no prominent 
conjugate other than PAG and the peaks A and 
B were noted. A small post-hydrolysis peak 
was found between the peaks of glutamine-aspara- 
gine and proline. This peak contained only gly- 
cine after hydrolysis. The contents of tubes cor- 
responding to the peaks of plasma amino acids 
were pooled, hydrolyzed, de-salted, and examined 
by paper chromatography. In no instance was 
there found any additional amino acid which would 
indicate a conjugate obscured on the chromato- 
graph recording by the expected amino acid. 
Because of our failure to locate hippuric acid, 
a conjugate known to be present in normal urine 
24), radioactive hippuric acid was synthesized 
On 
165 cm column, C't-hippuric acid was 


from C'*-glycine and benzoyl chloride (32). 
the 1.8 
not eluted with the pH 2.2 buffer but was eluted 
with pH 3.25 buffer in a complex peak which also 
On 
the 0.9 cm column of the automatic apparatus, the 


contained serine, glutamine, and asparagine. 


C'-hippuric acid was eluted in a position corre 
sponding to that of the unknown glycine-contain 


ing peak in plasma from patients with uremia. 


DISCUSSION 


The finding of increased a-amino nitrogen after 
hydrolysis of deproteinized plasma from patients 
with uremia confirms the findings of previous in 


) 


vestigators (2-7). The dialysis experiments in 


dicated that the substances giving rise to increased 
ninhydrin color after alkaline hydrolysis were of 
low molecular weight. 

that 
plasma from patients with uremia contains amino 


Our observations indicate deproteinized 
acid conjugates which were separated into thre 
groups on an ion-exchange resin column. One of 
these contained phenylacetylglutamine as the sole 
conjugate. Although not previously demonstrated, 
PAG might be expected to be found free in the 
plasma of patients with uremia, in view of the 


quantity normally excreted. Stein and co-workers 
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reported a normal daily excretion of 250 to 500 
mg (24). PAG ap- 
parently present in the plasmas from patients with 
The fact that 


none was detected in the plasma specimens from 


However, the amount of 


uremia was surprisingly large. 


normal subjects suggests that PAG is secreted by 
the renal tubules, as are similar acyl amino acids 
(33). Furthermore, there is evidence that ex- 
creted PAG is synthesized in part in the renal 
tubular cells (34). 

It is interesting to compare the apparent re- 
tention of PAG with that of hippuric acid, a simi- 
lar amino acid conjugate. Stein and colleagues 
reported a normal daily excretion of hippuric acid 
of 1.0 to 2.5 g (24). In contrast to PAG, only 
relatively small amounts of hippuric acid were 
apparently present in our plasmas from patients 
with uremia. This might have been partially at- 
tributable to the method employed, since PAG 
would liberate NH; on acid hydrolysis and thereby 
increase the ninhydrin color value, whereas hip- 
puric acid would not. Also, hippuric acid was 
eluted at a more complicated position in the ion- 
exchange chromatogram. Alternative explanations 
for the relatively low plasma hippuric acid should 
be considered. First, there might be a decrease 
in the formation of hippurate. The origin of ben- 
zoic acid to form urinary hippuric acid is not 
known and may be, at least in part, dietary. These 
Second, the 


production of PAG might be increased in some 


patients had poor dietary intake. 
way, perhaps as the result of accelerated endoge- 
nous protein catabolism, The answer to the prob- 
lem must be complicated and may include con- 
sideration of the differential effect of the uremic 
state upon many enzyme systems. 

The presence of large amounts of PAG in the 
plasma of patients with uremia raised the question 
of whether the precursors might be increased in 
concentration. One of these, phenylacetic acid 
(PAA), has been 


+ 
(JO). 


shown to have untoward ef- 
fects in man However, plasma concentra- 
tions of glutamine in patients with uremia are 
essentially normal (3-6) and should be adequate 
to combine with PAA. We were unable to dem- 
onstrate the presence of PAA in plasma from pa- 
tients with uremia. Whole plasma from such pa- 
tients in amounts up to 250 ml (pooled) was acidi- 
fied with dichloromethane. 


and extracted 5 x 


THOMPSON AND E. 
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Evaporation yielded an oily, brownish material 


which was more plentiful and darker than that 
similarly obtained from plasma from normal sub- 
jects. This material was subjected to paper chro- 
matography according to the method of Ladd and 
Nossal (36). No PAA was found in the extracts, 
although standard organic acids chromatographed 
well. This does not rule out the possibility that 
PAA may be present in the plasma of patients 
with uremia; current methods for detection of 
PAA lack sensitivity and specificity. 

The question of the effects of PAG in such 
large amounts in the plasma naturally arises. We 
have not studied the toxicity of PAG, nor have 
others reported on this subject. A large number 
of nonprotein nitrogenous substances is known 
to be present in increased amounts in the plasma 
in uremia. These include urea, creatinine, phe- 
nols, and so forth. Although each of these sub 
stances may have untoward effects under certain 
circumstances, it is generally accepted that the 
uremic syndrome is due to a multiplicity of fac 
tors rather than a single agent (37, 38). 

Moldave and Meister noted that the enzyme of 
human liver and kidney which is responsible for 
the conjugation of glutamine with phenylacetate 
to form PAG also catalyzes the reaction of phenyl- 
acetate with glycine to form a slight amount of 
phenylacetylglycine in witro (34). C'*-phenyl- 
acetylglycine was synthesized by reacting C'*-gly- 
cine with phenylacetyl chloride (29). This sub- 
stance was eluted at 612 effluent ml from the 1.8 x 
Nothing 
was found in this area in our studies of patients 


165 cm column with the pH 2.2 buffer. 


with uremia. Therefore, phenylacetylglycine was 


not present in the plasma of our patients with 
uremia. 
The material in the peaks labeled A and B has 


not been completely identified. Although some 


amino acids were identified after hydrolysis, 


the usual tests for proteins and peptides were 
negative. The manner of deproteinization and the 
dialysis experiments also tend to militate against 
the presence of peptides. This confirms the ob- 


servations of Christensen and co-workers, who 
were unable to find an increase in nondialyzable 
a-amino N in deproteinized uremic plasma (39). 
Significant amounts of phosphate were not pres- 


ent in spite of the fact that phosphoethanolamine, 
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glycerophosphoethanolamine, and phosphoserine 
are eluted before taurine in the method of Spack- 
man, Stein and Moore (30). Since one organic 
acid, phenylacetic acid, is a constituent of one 
conjugate (peak C) it is conceivable that other 
conjugates (peaks A and B) represent conglom- 
erates of amino acids with other organic substances. 

The two types of study, 7) a-amino N_ before 
and after hydrolysis, and 2) chromatographic 
separation of amino acid conjugates on ion-ex- 
change resins, were not performed on the same 
specimens. It is apparent that even 20 mg per 
100 ml of PAG would yield only about 1 mg per 
100 ml of a-amino N. 
the amount of a-amino N contributed by the con- 
identified. 


It is difficult to estimate 


jugates which were incompletely 
However, it may be anticipated that other ana- 
lytical procedures will reveal additional sources 


for the a-amino N liberated by acid hydrolysis. 


SUMMARY AND CONCLUSIONS 


1. We have confirmed the observation that the 
a-amino nitrogen in deproteinized plasma from 
patients with uremia is approximately normal. 
Acid hydrolysis of deproteinized plasma of ure- 
mic patients resulted in an increase in a-amino 
nitrogen of 1.5 to 7.1 mg per 100 ml, with a mean 
increase of 3.0 (65 per cent), compared with a 
mean of 0.6 mg per 100 ml (11 per cent) in nor- 
mal plasmas. 

2. The substances apparently giving rise to the 
increased a-amino nitrogen dialyzed through cel- 
lophane at a rate slower than that of urea, but 
faster than that of glucose. 

3. Amino acid conjugates were separated on 
ion-exchange resins. Phenylacetylglutamine was 
found in amounts up to 20 mg per 100 ml in 
plasma of patients with chronic uremia. Thus, 
phenylacetylglutamine accounts for a portion of 
the rise in a-amino nitrogen after hydrolysis of 
uremic plasmas. No correlation of the concen- 
trations of phenylacetylglutamine with plasma 
urea nitrogen levels was apparent. 

4. Evidence for the presence of other conjugates 
is offered. The amino acids present in these con- 
The structure of the or- 


jugates were identified. 


ganic compounds containing these amino acids 
has not been determined and requires further 
study. 
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SYSTEMIC AND CORONARY 


HEMODYNAMIC EFFECTS OF 
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Data in experimental animals have indicated 
that an increase in coronary blood flow occurs sub- 
sequent to the administration of nitrates into the 
coronary vessels (1), but injection of substances 
into the coronary vessels may have quite a differ- 
ent effect than have systemic administrations of 
the same agents in either animals or man, Hemo- 
dynamic studies of the adjustment to sublingual 
nitroglycerin administration in man have shown 
decreased cardiac output (2) and left ventricular 


work (2.3). 


Coronary blood flow increased in 
normal subjects (3), but not in subjects with 
angina pectoris (2). It has been deduced from 
these observations that the mechanism of nitrites 
in relieving angina pectoris may be through re- 
duction in cardiac work rather than any specific 
The 

. 


literature has been ably reviewed recently (2, 3) 


effect on the coronary circulation itself (2). 


and will not be reviewed again here. 

Since the period of action of nitroglycerin is 
transient (4) and since the nitrous oxide method 
requires a rather prolonged plateau of effect in 
order to permit its accurate use, a longer-acting 


agent, erythrol tetranitrate, was studied. 


MATERIAL AND METHODS 
The present investigation was done on 15 subjects; 5 


of these were normal individuals as far as the cardio- 


vascular concerned. 


A) had 


have angina pectoris they are hereinafter called 


system was Four subjects (group 


arterial hypertension, but since they did not 


“con- 


trols.” Four subjects were hospitalized because of an- 


gina pectoris; Subject 1316 had previously been hos- 


pitalized for “pericardial poudrage” and Subject 1299 had 
had I therapy as a therapeutic measure for angina pec- 
toris, but the other two had had no treatment other than 
treatment for this disease. All sub- 


the usual medical 


* This study supported in part by grants from the Na 
Heart 
Foundation, and the Wisconsin 


Institute, the Wisconsin Alumni Research 


Heart 


tional 
Association. 


1961; accepted March 9, 1961) 


jects were studied in the fasting state without premedi 
cation, and a concerted effort was made by reassurance 
to achieve a basal state 

In order to facilitate the procedure, two cardiac cathe 
ters were used in most subjects. These were introduced 


through the same vein, or two adjacent veins in_ the 


same small surgical field, and manipulated so that the 
first catheter lay in the pulmonary artery and the second 
in the coronary sinus. A needle tip was placed percu 


taneously in the femoral artery Cardiac output was 


done by the Fick principle in all cases except one it 
which, due to an anomaly of the course of the superiot 
be manipulated into 


(1299) 


vena cava, the catheter could not 


the pulmonary artery. In this subject cardiac 


output done by the Hamilton indicator dilution 


method utilizing the Gilford densitometer and indocya- 


Was 


green. In one of the control subjects who de 
CISEZ); 


coronary sinus was unsuccessful, so the second catheter 


nine 


veloped venous spasm catheterization of the 


was withdrawn and cardiac output alone was determined 
In Subject 1274 with angina pectoris, the data on cardia 


output are incomplete. Coronary blood flow was deter 


mined by the nitrous oxide saturation method with a 


partition coefficient of 1. Pressures were recorded 


through Statham strain gages on a Waters photographic 
recorder. Expired air was collected in a Tissot spirom 
eter and analyzed for oxygen and carbon dioxide by the 
method of Scholander. Blood gas analyses were done 
by the Van Slyke-Neill method and nitrous oxide analy 
ses were done by the method of Orcutt and Waters (5) 
All blood gas analyses for oxygen and carbon dioxide are 
done in duplicate, and oxygen determinations are re- 
quired to check within 0.2 vol. 

In 9 subjects, subsequent to the administration of 7.5 
to 15 mg erythrol tetranitrate under the tongue, blood 
pressure, pulse and respiration were observed and re 
vealed no major untoward changes; these subjects are 


grouped together for purposes of statistical analysis 


In 3 subjects, 1 of whom had no known cardiovasculat 


disease and 2 with known angina pectoris, a marked 


hypotensive reaction occurred, accompanied by a slow 


heart rate, marked systemic symptoms of discomfort and 
a “shock-like” state; these subjects are considered sepa 
rately from the rest, since it is believed that their reac 


tion was sufficiently different clinically from the other 


group that it would be unwise to include all the data 


in the same calculations 


1217 
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RESULTS 


The results are summarized in Table I for the 
nine control subjects without adverse reaction ; 
figures for those with angina pectoris, those with 
the “shock-like” state, and the one normal who 
had only determination of cardiac output are in- 
cluded at the bottom of the table for further dis- 
cussion. Data as presented in the results will re- 
fer to the nine control subjects unless otherwise 
stated. 

Cardiac rate increased by 15.9 per cent (p< 


0.02 ). 


whereas the mean pressure decreased in 
the systemic arteries (— 13.3 per cent, p < 0.01), 
pulmonary artery (— 31.3 per cent, p< 0.001) 
Ao 0.01). 


Coronary sinus pressure ordinarily follows right 


and coronary sinus (— 52.2 per cent, p< 
atrial pressure so closely that it may be taken as 
a reflection of central venous pressure. The min- 
ute volume of respiration and the respiratory rate 
did not change and there were no significant dif- 
ferences in oxygen consumption, carbon dioxide 
The 


slightly, but consistently, 


excretion or respiratory quotient. hemo- 
globin decreased very 
so that the change was statistically significant. 
The hematocrit decreased similarly, but less con- 
pH in the ar- 
The 


arterial oxygen content did not change signifi 


sistently and was not significant. 
terial and coronary sinus blood did not alter. 
cantly, but the mixed venous oxygen content de- 
0.01) and the arterio- 
venous oxygen difference increased (+ 23.7 per 
0.01 ). 


creased ( 8.5 per cent, p < 


The arterial carbon dioxide con 
0.05), 


cent, p < 
tent decreased (— 2.5 per cent, p< but 
the widening of the venous-arterial carbon dioxide 
that 
crease (+ 17.9 per cent) was not statistically sig- 
0.1). 


arterial 


difference was sufficiently variable the in- 


nificant (p < Coronary sinus oxygen con- 
tent and coronary sinus oxygen differ- 


ence did not change significantly. 
The 


controls ( 


cardiac index decreased insignificantly in 
nine 16.2 per cent, p < 0.1), but the 
cardiac index of the total group of 14 observations 
decreased 20.3 


0.01 ). 


significantly | per cent, p< 
Because of the increase in cardiac rate, ac 
companied by the decrease in cardiac output, 
stroke index in the controls was significantly re 
— 26.1 0.01). Neither the 
total peripheral resistance nor the total pulmo 


The left 


duced ( per cent, P < 


nary resistance changed significantly. 
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decreased (— 27.9 
left 


even 


index 
the 
reduced 


ventricular work 
0.02 ) 


index 


per 


cent, p : and ventricular stroke 


work was further (— 35.1 


Similarly, right ventricular 
(— 50.0 p< 


per cent, p < 0.01). 
work index decreased cent, 
0.001 ). 

The blood 


mained unchanged as did the left ventricular oxy- 


per 


coronary flow in the controls re- 


gen consumption, carbon dioxide liberation and 


respiratory quotient. Coronary vascular resist- 
ance, on the other hand, decreased significantly 
(— 15.2 0.01) the 


efficiency, calculated as the amount of work done 


per cent, p< and index of 
by the left ventricle per unit of oxygen consumed 
by each 100 g of left ventricle, decreased (— 25.5 
<0.02). 


by heart rate decreased slightly (— 10.5 per cent) 


per cent, p Coronary blood flow divided 
but not significantly (p< 0.1). 

The coronary blood flow of the subjects who 
had marked hypotension decreased considerably 
(— 50 per cent) but the small number (three) 
justify no statistical evaluation. In spite of the 


adverse effects on these subjects (pallor, dia- 
phoresis, confusion, nausea, cutaneous paresthe- 
In this 


ventricular 


sias), anginal pain was not experienced. 
left 


62.5 per cent). 


] 


regard the marked reduction in 


work should be noted ( Symp- 
tomatic improvement with increased blood pres 
sure occurred very quickly on administration of 
100 per cent oxygen by mask, and there were no 
sequellae. In the two subjects with angina pec- 
toris in whom severe hypotension did not occur, 
coronary blood flow did not change significantly. 
In one of these subjects, through error, the final 
reading on the Tissot spirometer was not re- 
corded, hence cardiac output can not be calculated. 
If one presumes, however, in this subject that 


oxygen consumption did not change, since it did 


not in the other subjects, cardiac output decreased 
in both subjects with angina and the hemodynamic 
effects of the drug are the same as in the “con- 


trols.” 
DISCUSSION 


The usual effectiveness of nitrates in the treat- 
ment of angina pectoris remains unquestioned in 
the mind of the clinician and the subject with an- 
gina pectoris. However, the mechanism of their 
action may require re-evaluation, since the studies 


) 


of nitroglycerin reported previously (2, 3) and 
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those currently reported for erythrol tetranitrate 
indicate that an increase in coronary blood flow 
is unlikely to be the explanation for this beneficial 
effect. It that 


glycerin might be effective in treatment of angina 


was concluded recently nitro- 
pectoris because it reduced the cardiac work to a 
level which could be adequately supported by the 
unaltered coronary blood flow (2). 

The mechanism of reduction of cardiac output 
seems to be related to the decrease in the central 


venous filling pressure, apparently due to pooling 


of blood within the venous system. Associated 
with this reduction in the central venous filling 
pressure, the cardiac stroke volume falls off mark- 
edly. Even though a compensatory increase oc- 
curs in cardiac rate, the cardiac output is not 
maintained, and in the over-all group reported 
here cardiac output and work decreased. It is 
noted that in those subjects who did not develop 
a compensatory tachycardia there was a marked, 
untoward fall in blood pressure with a “shock- 
like” 


subjects withdrawal of relatively small volumes of 


state. Furthermore, in these “shocked” 
blood was associated with a further decrease in 
arterial pressure. 

It should be noted that, in the present study as 
in previous studies of nitrate administration in ex- 
perimental animals (6, 7), myocardial oxygen 
consumption did not change. The previous re- 
port of an increase in myocardial oxygen con- 
sumption subsequent to nitroglycerin adminis- 
tration was found in “normal” (2) but not in ab- 
normal human subjects (3). The reason for 
this discrepancy remains obscure. 

It is of considerable interest that, although cal- 
culated peripheral resistance did not change, the 


blood 


most of the subjects, including the two with an- 


resistance to coronary flow decreased in 
gina pectoris, unless there was an excessive hypo- 
tensive response. Since coronary flow was main- 
tained with a lower perfusion pressure, there must 
have been an increase in cross section area of the 
coronary vessels. This is compatible with previ- 
ous measurement of coronary flow in intact ani- 
mals (4), angiographic demonstration in animals 
of an increase in size of the coronary arteries sub- 
sequent to the administration of nitrates into the 
coronary arteries (8), and the direct demonstra- 


tion in vitro of dilatation of rings of coronary ar- 


AND CORONARY HEMODYNAMIC 


EFFECTS OF ERYTHROL TETRANITRATI 1221 
teries when nitrates are introduced into the sus- 
The 


however, are to some extent less 


pending solution (9). latter two of these 
reports (8, 9), 
significant in that the response of the coronary 
vessels was not determined in relation to the rest 
of the vessels of the body. It seems, therefore, 
from the present study that the integral parts of 
the mechanism of action of erythrol tetranitrate 
in angina pectoris are reduction in cardiac work 
and decreased coronary vascular resistance, per- 
mitting sufficient coronary blood flow to sustain 


the reduced cardiac work load. 


CONCLUSIONS 


1. The systemic and coronary hemodynamic ef 
fects of erythrol tetranitrate have been investi 
gated in 15 subjects. 

2. Cardiac output was reduced, as was blood 
pressure in the systemic and pulmonary arteries 
and the coronary sinus. 

3. Coronary blood flow was unchanged but 
coronary vascular resistance was reduced. 

4. Myocardial oxygen consumption was un 
changed and cardiac efficiency was lowered. 

5. The hypothesis that the effectiveness of ni 
trites is due to the reduction in cardiac work into 
a range commensurate with an attainable coronary 


blood flow is supported by these findings. 
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Although chronic respiratory acidosis is one of 
the commonest clinical disturbances of acid-base 
balance, the process of adaptation which it induces 
Normal 
man tolerates prolonged exposure to high CO, 


has not been extensively investigated. 


tensions poorly and is, therefore, not a suitable 


subject for study. Recent observations in the 
rat exposed to a high CO, atmosphere (1, 2) 
have provided much valuable information, but no 
balance data are available in the dog, the animal 
which appears more closely to resemble man in 
its adjustment to other disturbances of acid-base 
For this order to 


reason, and in 


further 


equilibrium. 


provide a basis for investigations of 


chronic hypercapnia in the dog, the present stud- 


ies of adaptation were undertaken 


METHODS 


Eleven balance studies were carried out on 11 healthy 
13 and 20 kg. 
a 4- to 7-day control 


female mongrel dogs weighing between 
Observations were made during 
period and a 6- to 15-day period of exposure to 10 to 
13 per cent carbon dioxide (CO, period). 

The studies were carried out with the dogs in meta- 
bolic cages maintained at a 


temperature of approxi- 


mately 15° C inside a small, ventilated room. The cages 
were covered with a plastic canopy which was left open 
during the control period. During the CO, period the 
canopy was closed, and a gas mixture of CO., O., and 
The ratio of the 

The CO. con- 
frequently 


(Burrell 


compressed air was delivered into it. 

gases delivered was regulated manually. 
tent of the 
Kwik-Check carbon dioxide analyzer 


with a 
Corp. ys 


cages was monitored 
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Fund. 
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t Public Health 
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tion. 


Foundation Research Fellow, The Medical 


Research Fellow of the National 


Investigator, American Heart Associa 


which was standardized with gas mixtures whose com 
position had been determined by the Scholander method. 
The oxygen content was determined by a Beckman model 
C oxygen analyzer. 

On the first day of the CO, period, the CO, content 
of the cage atmosphere was increased to approximately 
10 per cent over a period of 3 to 6 hours. Over the 
next 1 to 2 days the level was raised slowly to the de 
sired range of 11 to 13 per cent. The oxygen concen 
tration was maintained at 20 +3 per cent throughout 

The dogs were removed from the cages each morning 
for weighing, feeding, collection of urine and feces, cage 
cleaning, and (on most mornings) arterial blood sampling 
During the CO, period they were also removed in the 
evening so that the daily diet could be fed in two portions. 
The total time out of the high CO, atmosphere on each 
of these days was about 30 minutes. In order to obtain 
data on the early adaptation to uninterrupted respiratory 
acidosis, 9 of the dogs were given their entire diet for 
the first day of the CO, period 2 to 3 hours before the 
CO. tension was raised, and they were then left un 
disturbed for 24 hours. 

A synthetic diet was given, consisting (in per cent) of 
55 water, 14 casein, 1.5 agar, 8 hydrogenated vegetable 
oils, 7.5 dextrose, 14 dextrin, and supplementary vita 
mins. To each 100 g of diet, 9 mEq of potassium was 
added as neutral phosphate (4 parts K,.HPO,, 1 KH.PO,). 
The diet was homogenized with 1.5 times its weight of 
water shortly before feeding. The homogenate was fed 
in a pan during the control and recovery periods, but 
during the CO, period it had to be tube-fed because of 
anorexia. Rejected food was weighed and any vomitus 
was either re-fed or weighed and analyzed. The sodium, 


potassium, chloride, and nitrogen content of the diet 
was checked frequently by analysis. 

The dogs received 30 g of diet (75 g of homogenate) 
per kg of body weight per day. In order to study the ef- 


fects of restriction of sodium and of chloride, the ani- 
mals were divided into 3 groups whose diet was identical 
except in the following respects: 1) 5 dogs received 50 
to 70 mEq of sodium and chloride daily (high-salt group) ; 
2) 5 dogs received approximately 5 mEq of sodium and 
3 mEq of chloride daily, the intrinsic sodium and chlo- 
ride content of the synthetic diet (low-salt group); 3) 1 
dog was studied on a diet identical with that of the low 
salt group except that sufficient potassium chloride was 
added in lieu of potassium phosphate to raise the daily 


chloride intake to 13 mEq. 
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The data on acid-base balance obtained in the third the dogs breathed 12 per cent carbon dioxide in 20 per 
study were fully comparable with those obtained in the cent oxygen and 68 per cent nitrogen through a non- 
studies on dogs of the low-salt group, and will therefor« rebreathing valve mask in order to achieve conditions 
be included with them in the Results section. Twenty-two similar to those in the cage. It is apparent, however, 
additional dogs were studied during 1 day of exposure that these values for blood pH and pCO, can be taken 
to CQO, in order to obtain further data on bicarbonate ex- — only as approximations. 
cretion. Some animals were fed the synthetic diet while Feces were collected and pooled for each control, CO, 
others were given a meat diet. and recovery period. The collections were begun and 

rhe urine drained into bottles containing mineral oil | ended 24 hours later than the corresponding experimental 


and thymol chloroform over a siliconized metal surface. period. 


lhe system was tested frequently with water and gave The analytic procedures have been described in a 


over 97 per cent recovery. Collections were ended at previous paper (3). The electrolyte content of diet, 

9 a.m. each day, and volume, pH, and CO, content were — stool, and vomitus was determined on nitric acid ex 

determined promptly tracts. Titratable acid was taken as the sum of the 
Blood samples of approximately 25 ml were drawn calculated contributions of phosphate and organic acids 

from the femoral artery with heparinized syringes. (4). 

During the CO, period blood samples were taken while The daily balance was calculated as the net intake 
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ic. 1. CHANGES IN ACID-BASE EQUILIBRIUM AND SERUM CHLORIDE CONCENTRATION 
DURING EXPOSURE TO A HIGH CO, ATMOSPHERE IN A DOG ON A LOW SODIUM CHLORIDE IN- 
rAKE. The dashed horizontal lines represent the mean daily excretion during the control 
period. The values for net acid excretion (ammonium + titratable acid — bicarbonate ) 
represent changes from the mean daily excretion during the control period. The values 
for plasma pH during exposure to CO, are shown with a dashed line since they are only 
approximate (see text). Urine pH values are not shown for the 2 days during which 
divided collections were made. The portion of the figure depicting the changes after 


withdrawal from CO, is discussed in the following paper (5). 
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Fic. 2. CHANGES IN THE EXCRETION OF 


POSURE TO A HIGH C( ), ATMOSPHERE IN A DOG ON A LOW SODIUM CHLORIDE INTAKE. 


horizontal lines represent the mean daily excretion during the control period. 


URINARY 


DAYS 


ELECTROLYTES AND NITROGEN DURING EX- 


The dashed 


The portion of 


the figure depicting the changes after withdrawal from CO, is discussed in the following paper 


(5). 


The 


balance”), to 


minus the combined output in the urine and stools. 
(or “A 


which frequent reference will be made in presenting and 


change in net external balance 
discussing the results, was calculated as the difference 
between the balance on an experimental day and _ the 
mean daily balance during the control period. However, 
in the case of the dogs on a low-salt intake, which were 
often not in a state of balance until the last control day, 
the balances of sodium and chloride on that day were 
used control values in the calcu- 


instead of the mean 


lation of the A balance. In calculating a correction for 
potassium excretion due to changes in nitrogen balance, 
a value of 2.7 mEq potassium per g 


of nitrogen was 


used. 
RESULTS 


A. Representative studies on low- and high-salt 
intake 


The results of a typical study on a dog (Dog 
H) receiving a low intake of sodium and chloride 
are shown in Table I, and the chief parameters 


relevant to acid-base and electrolyte balance are 
depicted in Figures 1 and 2. Observations made 
during a subsequent recovery period are included 
in Table I and Figures 1 and 2 but will be con 
sidered in the succeeding paper (5). 

Figure 1 shows that the plasma bicarbonate, 
which at the end of the control period was 22.6 
mEq per L, had risen to 30.5 mEq per L after 1 
day of exposure to CO, (Day 6). It then climbed 
gradually to 37.6 by the end of Day 8, and fluctu- 
ated between 37.2 and 39.5 mEq per L during 
the rest of the 15-day period. Urinary excretion 
of ammonium on the first day of the CO, period 
did not change from the mean control level, while 
titratable acid fell, and there was a slight loss of 
bicarbonate. Thus, the rise of nearly 8 mEq per 
I. in plasma bicarbonate on the first day of the 
CO, period was actually accompanied by a de- 
acid excretion. 


crease in net By contrast, the 
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rise of 7 mEq in plasma bicarbonate during the next 
7 days of the period (7 through 13) was accom- 
panied by a cumulative increment in net acid ex- 
cretion of 130 mEq. During the remainder of the 
CO, period (Days 14 through 20), while the 


plasma bicarbonate fluctuated between 37.2 


and 
39.5 mEq per L, net acid excretion gradually fell 
to the control level. It will be seen that ammo- 
nium excretion rose markedly on the second day of 
the CO, period and remained significantly ele- 
vated thereafter, but part (and late in the period, 
all) of this increment was offset by a moderate 
suppression of titratable acid and a slight urinary 
Incarbonate loss which persisted throughout the 
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for plasma pH during exposure to CO. are 


a dashed line since they are only approximate (see text) 
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The portion of the figure 


collections made 
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1 in the following paper (5) 


HAYS 


AND SCHWARTZ 


| URINE 
a 


Dog! (es) 


Chloride 
mEq/Day 


Potassium 
mEq/Day 


Phosphate 
mM/Day 





Nitrogen 
Gms /Doy 


~~ Organic Acids Le | 


mEq/Doy 
Sulphate mEq /Doy 








Fic. 4. 
LYTES AND 


ELECTRO 
HIGH CO 


SODIUM CHLORIDE IN- 


CHANGES IN EXCRETION URINARY 


NITROGEN DURING EXPOSURE TO A 


ATMOSPHERE IN A DOG ON A HIGH 
The dashed 


daily excretion during the control period 


TAKE. horizontal lines represent the mean 


The portion 
depicting the changes after withdrawal 


of the figure 


from CO, is discussed in the following paper (5) 
period. The urinary pH (range 6.17 to 6.50) was 


slightly above control values throughout the 
period 

Table I and Figure 2 show a sharp rise in the 
excretion of chloride, sodium, potassium, and phos- 
phate on the first day of the CO, period (Day 6). 
(Table I). 


The urinary chloride output remained signifi- 


Plasma chloride fell by 8 mEq per L 


cantly elevated from the second day of the CO 
period through the sixth (Days 7 through 13), 
averaging 10 mEq above the final control level 
During these 7 days the plasma chloride fell by a 
further 8 mEq, while the plasma bicarbonate rose 
7.1mEq. The urinary sodium excretion returned 
to a low level more quickly than did the chloride 
excretion, while the plasma sodium level re- 
mained steady. 

Urinary phosphate, like urinary sodium, had 


returned to its control level after 2 


to 3 days of 
exposure to CO. and remained close to that level 
subsequently. Urinary potassium fell promptly 


below the control level from its peak on the first 
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day and remained depressed for Days 7 through 
10. Cumulative A potassium balance for the whole 
CO, period totaled + 10 mEq (+ 36 mEq after 
correction for nitrogen balance). The serum po- 
tassium showed no significant change. 

Table I shows that the nitrogen balance, which 
averaged — 2.3 g per day in the control pe- 
riod, became somewhat more negative in the CO, 
period, averaging — 3 g per day. It can be seen 
that the output of organic acids and sulfate also 
rose, but by the last 4 days of the CO, period, sul- 
fate and organic acid as well as nitrogen had re- 
The 


(over 300 ml of 


turned approximately to the control range. 
hematocrit fell from 55 to 47 
blood was drawn). 

The results of a study on Dog I, receiving a 
high intake of sodium and chloride, are shown in 
Table II, and the chief parameters relevant to acid- 
base and electrolyte balance are depicted in Fig- 
ures 3 and 4. The changes were closely similar 
to those seen in the low-salt study (Table I and 
Figures 1 and 2) and will not be described in 
detail. 


groups, 


Comparisons of the high- and low-salt 


instead, are considered below. 


B. Collective data 


This section summarizes the observations made 
in the 11 balance studies (5 on a high-salt and 6 
on a low-salt diet) 

1. Acid-base balance. At the end of the control 


period, the range of plasma bicarbonate concen- 
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Fic. 5. EFFecT ON PLASMA BICARBONATE CONCENTRA 


Day 1 
refers to the last day of the control period. The 


line through the points was drawn by inspection. 


TION OF EXPOSURE TO A HIGH CQO, ATMOSPHERE. 
curved 

Note 
that the level of sodium chloride intake appears to have 
no influence on the plasma bicarbonate values. 


tration in the 11 dogs was 21.4 to 24.7 mEq per 
I. (mean 22.8). Figures 5 and 6 show that by 
the end of the first day of the CO, period the 
plasma bicarbonate had risen by an average of 
9.1 mEq per L (range 8.0 to 9.8) in the high-salt 
group, and 7.1 mEq per L (range 5.0 to 9.3) in 
This constituted half or more 


occurred 


the low-salt group. 


of the rise that during the entire CO 


It 


A Cumulative balances during exposure to a high COz atmosphere 
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snr un 
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Fic. 6. RELATIONSHIP 


AND CHANGES IN NET ACID EXCRETION 


Changes in plasma bicarbonate are calculated from the final control value. 


net acid excretion (ammonium 


mean control value 


period. Figure 6 shows the urinary net acid ex- 
cretion (ammonia plus titratable acid minus bi- 
carbonate). In 4 dogs there was no significant 
rise in the urinary net acid during the first day, 
and in 2 of these net acid excretion actually fell. 
In the remaining 7 dogs net acid excretion rose 
on the first day, but there was no relationship be- 
tween the magnitude of the rise in plasma _ bi- 
carbonate and the direction or magnitude of the 
change in net acid excretion. On the second and 
subsequent days of the CO, period, the rate of 
rise in plasma bicarbonate decreased progressively, 
approaching a plateau between 35 and 38 mEq 
per L ina week. In every dog net acid excretion 


after the first day showed a cumulative incre- 


ment which greatly exceeded the increment seen 


BETWEEN THE RISE 
PURING EXPOSURE TO A 


titratable acid 


L Pi Bniall 
123464 
IN PLASMA BICARBONATE 


HIGH CO 


CONCENTRATION 
ATMOSPHERE. 


Changes in 


bicarbonate) are calculated from the 


on the first day. With the exception of one ani- 
mal, the cumulative increase in net acid excretion 
for the entire CO, period (Table III) was far 
greater than would be needed to produce the ob- 
served rise in plasma bicarbonate, based on an 
assumed extracellular volume of 25 per cent of 
the body weight. 

Figure 7 shows the changes in the three com- 
ponents of urinary net acid excretion separately 
and demonstrates that there was no apparent dif- 
ference in the response of the high- and low-salt 
The 
the mean control level on the first day in 8 of the 


11 dogs. 


had risen in all dogs and remained elevated above 


groups. ammonium excretion rose above 


3y the third day, ammonium excretion 


control levels for the rest of the study. Urine 
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pH, which was in the range of approximately 5.5 
to 6.0 during the control period, rose slightly to 
a range of 6.0 to 6.5. 

Titratable acid excretion rose on Day 1 in a 
few dogs, but in most dogs the excretion of titrata- 
ble acid was unchanged or fell below control 
values. From the second day of the CO, period 
onward, titratable acid was suppressed in almost 
every dog. 

Urinary 
which during the control period averaged 
than 1 mEq per day, rose slightly (usually by 1 to 
5 mEq) when the dogs were exposed to CO, and 
In the 22 additional 
much 


bicarbonate excretion (Figure 7), 


less 


remained slightly elevated. 
brief studies on bicarbonate excretion, a 
wider range of urinary bicarbonate increments 
In 9 
animals excretion reached a level of 10 to 25 mEq, 


was observed during the first day in CO,. 


and in those dogs there was regularly a suppression 
of ammonium and titratable acid excretion. 

2. Chloride, sodium, potassium, and phosphate. 
On the first day of exposure to CO, the plasma 
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chloride fell by an average of 8 mEq in the high- 
salt and 7 mEq in the low-salt group. The “mir- 
ror image” relationship between the curves de- 
scribing changes in plasma chloride and plasma 
bicarbonate was maintained throughout the CO, 
period in all the animals and is well illustrated 
in Figures 1 and 3. 

Figure 8 shows the corresponding changes in 
the daily chloride and sodium balances. These 
changes can be interpreted as virtually equivalent 
to changes in the urinary excretion, because in- 
take and fecal excretion remained nearly con- 
stant. On the first day of the CO, period there 
was a significant increase in urinary chloride in 
all but 2 of the 10 dogs (these two dogs were ex- 
ceptional in that their urine showed no significant 
change in electrolyte composition until the second 
and fourth days, respectively, of the CO, period, 
although their plasma electrolyte levels did show 
characteristic changes on the first day). Subse- 
quently, there was a progressively diminishing 
chloruresis, chloride excretion approaching the 
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DAYS 


AND SODIUM BALANCE DURING EXPOSURE TO A HIGH 
The values for the high-salt group represent changes from the 


For the low-salt group, changes are 


calculated from the values for the last day of the control period, since earlier in the 


control period the urinary excretion was falling steadily. 


control level toward the end of a week in CO.,,. 
Table III 


ance ranged from — 41 to — 119 in 9 of the 10 


shows that cumulative A chloride bal- 


dogs and was not significantly different in the 
two dietary groups. 

Urinary sodium excretion (Figure 8) was in- 
creased initially in every dog except two (these 
were the two dogs in which all the changes in uri- 
The 


dogs on a low sodium chloride intake came into 


nary electrolyte composition were delayed). 


approximate daily sodium balance by the fourth 
day of exposure to CO,. In the high-salt group 
the pattern of sodium excretion varied widely, 
but by the sixth day all animals had returned to 
Table III shows that 
the cumulative A sodium balance for the entire 


control levels of excretion. 


CO, period was usually somewhat negative, but 


in only 2 dogs (both of the high-salt group), was 


this deficit substantial. In no dog was sodium 


halance significantly positive. Cumulative chlo 
ride loss regularly exceeded the cumulative SO 
The excess chloride calculated from 


loss. 


dium 
the ratio of the concentrations of these two ions 


in the extracellular fluid is shown in Table ITI. 
Expressed in this way, it is apparent that a sub- 
stantial selective depletion of chloride occurred in 
all but one animal. 

The plasma potassium, which at the end of 
the control period ranged from 3.5 to 4.6 mEq per 
LL, showed no consistent trend in either dietary 
group during the CO, period. During the con- 
trol period all the dogs had remained approxi- 
mately in potassium balance. On the first day 
in CO, all dogs except two increased potassium 
excretion over the control level by amounts rang- 


ing from 25 to 65 mEq. 


(The exceptions were 
the two dogs in which all the changes in urinary 
electrolyte composition were delayed.) These 
figures were not appreciably changed by correction 
for nitrogen balance. During the rest of the 
CO, period, the potassium excretion fell to the 
control level or below in 4 of the 5 dogs in each 
dietary group. In these dogs, the A potassium 
balance, corrected for nitrogen balance, ranged 
—18 to + 36 mEq (Table III). In the 


remaining dog in each group (Dogs D and G) the 


from 
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excretion remained somewhat elevated and cumu- 
lative A potassium balance was significantly nega- 
tive, even after correction for nitrogen balance. 
Urinary phosphate output rose significantly on 
the first day of exposure to CO, in 8 dogs (the 
exceptions were the two dogs in which all the 
changes in urinary electrolyte excretion were de- 
layed ) increments ranging from 9 to 25 
mmoles. 


by 

On subsequent days, in the majority of 
dogs, there was a persistent excess of phosphate 
excretion over control values. The dogs in which 
this excess was greatest were also those in which 


In 


the dogs which remained in nitrogen balance, 


nitrogen balance was most strongly negative. 


yhosphate excretion returned to the control range 
ten} 


after the first day. Plasma phosphate was esti- 
mated at intervals during the study in several dogs 
and showed no consistent change. 

3. Nitrogen, sulfate, and organic acids. In most 
dogs of both the high- and low-salt groups, ni- 
trogen excretion rose, with the result that A mean 


daily nitrogen balance during the CO, period 
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averaged approximately — 1.5 g in both dietary 
(Table III). 


acids tended to increase, as illustrated in Fig- 


groups The excretion of organic 
ures 2 and 4, but the changes were small and there 
was no significant difference between the two 
dietary groups. The rise in organic acid excre- 
tion was greatest in those animals whose nitrogen 
balance was most strongly negative. Sulfate ex- 
cretion was measured in 3 low-salt and 3 high- 
salt dogs. In most instances there was an increase 
in sulfate excretion of 5 to 20 mEq per day. These 
changes also appeared to correlate with changes in 
nitrogen balance. 

4. Interrelationship of changes in certain uri- 
nary constituents on the first day. Figure 9A re- 
lates the increments in sodium and chloride ex- 
It will be seen that the ratio of A chlo- 


ride excretion to A sodium excretion was usually 


cretion. 


greater than 1:1.3, which is the approximate 
ratio of the concentrations of these electrolytes 
in the extracellular fluid (ECF) represented by 


the dashed line. It will be noted that in 2 dogs 
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from the high-salt group the changes in electrolyte 
excretion on the first day were negligible, as men- 
tioned earlier. 

Figure 9B relates the increment in ammonium 
excretion to the sum of the increments in sodium 
It will be seen that A 
ammonium excretion did not appear to be a func- 


and potassium excretion. 


tion of A sodium plus potassium, and therefore 
was, in effect, unrelated to the magnitude of the 
total 
no evidence that either parameter was influenced 
by the salt intake. 


cation diuresis. There was, furthermore, 


Figure 9C relates the increments in sodium and 
potassium excretion. In the low-salt group, A 
potassium excretion regularly exceeded A sodium 
excretion, comprising at least 60 per cent of A 
sodium plus potassium. Indeed, a_ significant 
natriuresis was seen in this group only when the 
loss of potassium was large (50 to 65 mEq). 
When any of the 3 high-salt dogs is compared 
with a low-salt dog whose potassium loss was 
similar, it appears that the high-salt dog lost more 
sodium; but, with only three pertinent observa- 
tions in the high-salt group, the data must be in- 
terpreted with caution. 

5. Miscellaneous data. During the CO, period 
the weight change for the high-salt group averaged 
— 0.5 kg, and for the low-salt group, — 1.5 kg. 
The hematocrit showed no consistent change. 

The electrolyte losses in the stools were not 
significantly different in the control and CO, pe- 
riods. In both groups the daily loss of sodium 
averaged about 4 mEq per day. The loss of po- 
tassium averaged 1 in the high-salt group, and 6 
mkq per day in the low-salt group. The chloride 
loss was about 1 mEq per day in both groups. 


DISCUSSION 


These studies indicate that adaptation to chronic 
respiratory acidosis in the dog is a gradual proc- 
ess, is uninfluenced by the presence or absence 
of sodium chloride in the diet, and leads to only 
incomplete correction of the extracellular hy- 
drogen ion concentration. Specifically, the data 
show a rise in plasma bicarbonate concentration 
over 6 or 7 days—independent of the sodium 
chloride intake—followed. by a plateau which falls 
short, by 5 to 10 mEq per L, of the level neces- 
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sary to restore the normal ratio of bicarbonate to 
carbonic acid. 

The initial steep ascent in bicarbonate concen- 
tration, which usually comprised half or more of 
the final elevation, was often achieved with little 
or no increase in renal acid excretion. The incre- 
ment in bicarbonate must, therefore, have been 
due largely to tissue buffering, a mechanism whose 
effectiveness has previously been demonstrated 
in the nephrectomized dog (6) and which is now 
seen to serve an important function even when the 
kidneys are intact. Calculation of the red blood 
cell contribution to the buffering process (7) in- 
dicates that no more than one-third of the bicarbo- 
nate could have been derived from this source, and 
it follows that other tissues, such as muscle or 
bone, must have made the major contribution to 
the initial rise in extracellular bicarbonate. How- 
ever, after the first day the cumulative increment 
in urinary net acid excretion was usually much 
greater than would be required to account for 
the concomitant increase of bicarbonate in the ex- 
tracellular fluid. It may well be that the excess 
bicarbonate generated in the kidneys during this 
phase was consumed in the neutralization of hy- 
Such 


a restoration of cellular buffer capacity might be 


drogen ions initially buffered in the cells.’ 


expected, since a rise in extracellular bicarbonate 
concentration will produce a favorable gradient 
for the movement of hydrogen ions out of cells. 
However, it should be noted that this interpre- 
tation rests upon the assumption that the endog- 
load 


negative nitrogen balance and increased excretion 


enous acid was constant. In view of the 
of organic acids and sulfate which regularly oc- 
curred during hypercapnia, it seems likely that, in 
fact, the endogenous acid load increased, and to 
this extent the augmentation of renal acid excre- 
tion cannot be considered as contributing to the 
Until 


means of computing the net acid or alkaline load 


compensation of the respiratory acidosis. 


resulting from tissue breakdown become available, 


1 For convenience the internal changes in buffer stores 
have been expressed in terms of hydrogen ion movement. 
However, the data do not permit any distinction to be 
made between the transfer of hydrogen in one direction 
and the transfer of bicarbonate or hydroxyl ions in the 
The effect on 


tration will, of course, be the same in each case. 


other. extracellular bicarbonate concen- 
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no final interpretation of the observed increase in 
renal acid excretion will be possible. 

In each animal the rise in plasma bicarbonate 
was accompanied by a nearly equal fall in chloride. 
The cumulative increment in chloride excretion 
was of an order of magnitude sufficient to account 
for the fall? in plasma concentration—an obser- 
vation which has also been made in the rat (1). 
How a high CO, tension induces the kidney to 
reject chloride is o>scure. As has previously been 
suggested (1), it is possible that the chloruresis 
is due to a primary effect of the high pCO, in ac- 
celerating hydrogen transfer into the glomerular 
filtrate, an action that would reduce the electrical 
gradient along which chloride is thought to move 
passively. Alternatively, the elevation of pCO, 
might have the direct effect of lowering the perme- 
ability of the tubular epithelium to chloride. If 
this were so, the diminished reabsorbability of 
chloride might in itself contribute to the acceler- 
ated transfer of hydrogen ions into the glomeru- 
lar filtrate (3) and thus to the increased reab- 
sorption of bicarbonate. Another possibility is 
that hypercapnia depresses the proximal reab- 
sorption of sodium and, hence, of chloride. If, in 
turn, some of the sodium were then exchanged in 
the distal tubule for potassium and ammonium, <¢ 
selective urinary loss of chloride would result. 
Some insight into the interrelationship of chlo- 
ride and hydrogen ion movement is provided by 
observations during recovery from chronic re- 
spiratory acidosis (5). 

In addition to the changes in renal acid and 
chloride excretion, there were significant altera- 
On 
the first day in the CO, atmosphere, a cation diu- 


tions in the excretion of other electrolytes. 


resis occurred, which consisted largely of potas- 
sium in the low-salt group and of both sodium 
and potassium in the high-salt animals. It is not 
clear whether the cation increment was a conse- 
quence of displacement of these ions from cells 
[analogous to that which occurs in the nephrec- 


2In Dogs K and J the initial fall in serum chloride 
significant chloruresis. 


This hypochloremia can, in part, be attributed to the 


concentration occurred without 
transfer of chloride into red blood cells, but the magni- 
tude of the fall suggests that there was, in addition, a 
movement of sodium and water from other tissues into 
the extracellular space. By the end of the study, how- 
ever, these animals had lost sufficient chloride to fully 


account for their hypochloremia. 
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tomized dog (6)]| or whether the kidney was pri- 
marily responsible. 

In the latter part of the study, some of the dogs 
with access to sodium showed a tendency to re- 
tain sodium, but in most animals a slight but sig- 
nificant deficiency persisted to the end of the study. 
This finding emphasizes that bicarbonate reab- 
sorption can be greatly enhanced, without con- 


comitant sodium retention, simply by increasing 


the proportion of bicarbonate and decreasing the 
proportion of chloride which is reabsorbed with 
the sodium. 

After the first day of exposure to CO, there 
was usually no potassium loss beyond that to be 
expected in association with the negative nitrogen 
Indeed, the potassium deficit, corrected 
for nitrogen loss, was repaired in all but two of 


balance. 


the animals, possibly as a result of the movement 
of hydrogen ions out of cells into the decreasingly 
acid extracellular fluid. In any event, the evi- 
dence that the specific deficit was restored by the 
end of the period of adaptation indicates that po- 
tassium deficiency cannot be invoked as a factor 
in the increased capacity for bicarbonate reab- 
sorption. Moreover, in the two dogs in which sig- 
nificant potassium depletion persisted throughout 
the CO, period, the renal response to hypercapnia 
did not appear to be modified in any way. 

While the data demonstrate a suppression of 
titratable acid, a rise in urine pH, and a slight in- 
crease in bicarbonate excretion throughout the 
period of exposure to CO,, it should be noted 
that the technique of the study may have intro- 
duced an artifact into the distribution of these 
acid-base moieties in the urine. Each day it was 
necessary to remove the animals for brief periods 
from the high CO, atmosphere, and it is possible 
that a modest bicarbonate diuresis at this time was 
responsible for the continued excretion of alkali 
The addition of bicarbonate to the 24-hour urine 
would, of course, also elevate its pH and diminish 
its content of titratable acid. Since only the first 
day’s urine was formed during uninterrupted hy- 
percapnia, it is only on this day that such an arti- 
fact can be excluded. However, the finding in a 
number of animals that bicarbonate excretion rose 
appreciably on the first day, despite the fact that 
plasma level had risen only moderately, suggests 
that the maximal ability of the kidney to conserve 
bicarbonate had not yet been achieved, a finding 
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consistent with earlier observations on reabsorp- 
tive capacity of such animals during acute bicarbo- 
nate loading (&). 

The response of the dog to exposure to a high 
CQO, atmosphere resembles that of the rat in that 
a large rise in plasma bicarbonate concentration is 
accompanied by an increase in the urinary output 
of chloride, ammonium, potassium, and phosphate 
(1,2). 
longer period required for adaptation in the dog. 


The only striking difference is the much 


However, this latter characteristic provides valu- 
able evidence that the various adaptive responses, 
which in the rat occur almost simultaneously, are 
not in fact interdependent. In addition to demon- 
strating the importance of tissue-buffering in the 
initial stages, the dog also shows a clear dissocia- 
tion between the ammonium response and the in- 
crements in the output of chloride, phosphate, and 
potassium. These increments are largely con- 
fined to the first day, while the rise in ammonium 
excretion is usually delayed and always persistent. 
Thus, the ammonium response cannot be attrib- 
uted to the anion diuresis. It is also a matter of 
some interest that the pattern of cation excretion 
is qualitatively similar to that seen after the in- 
duction of metabolic acidosis by the administration 
of ammonium chloride (9, 10). As in metabolic 
acidosis, there is initially a diuresis of sodium and 
potassium, and only later a rise in ammonium 


excretion. 


SUMMARY 


Balance studies were carried out in 11 dogs ex- 
posed to an atmosphere of 11 to 13 per cent car- 
bon dioxide for periods of 6 to 15 days. <A 
consistent pattern of response was found, charac- 
terized by a sharp rise in plasma bicarbonate con- 
centration during the first day of exposure, and a 
subsequent slower rise over the next 5 or 6 days 
to final concentrations ranging from 35 to 38 
mEq per L. During the first day, when approxi- 
mately one-half of the total rise in plasma _bi- 
carbonate occurred, there was often little or no 
increase in renal acid excretion, indicating that 
tissue buffers played a major role in the initial 
defense of the extracellular pH. Subsequently, 
however, the increment in net acid excretion was 
far in excess of the amount required to account 
for the estimated increase in extracellular bicarbo- 
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nate. It has been suggested that the excess of 
bicarbonate may well have been utilized in the 
neutralization of hydrogen ions diffusing from 
cells as the extracellular bicarbonate concentra- 
tion rose. 
plateau which fell short, by 5 to 10 mEq per L, 
of the level necessary for full compensation of the 


The plasma bicarbonate approached a 


acidosis. The sodium chloride content of the diet 


appeared to exert no significant effect on the 


adaptive process. 

The plasma chloride concentration varied in a 
virtually reciprocal fashion with the plasma bi- 
carbonate concentration throughout the study. In 
each dog there was a chloruresis and a cumulative 
chloride loss of sufficient magnitude readily to 
account for the degree of hypochloremia, A clear 
dissociation was shown between the increments in 
chloride and in ammonium excretion. 

On the first day in the CO, atmosphere there 
was a marked increase in the excretion of potas- 
sium and phosphorus and a variable sodium diu- 
resis. Subsequently, both sodium and potassium 
excretion returned toward or to the control level. 
At the end of the study there usually remained a 
slight deficit of sodium, but in most instances, af- 
ter correction for changes in nitrogen balance, 


there was no evidence of potassium deficiency. 
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Previous studies in both the rat (1, 2) and the 
dog (3) have demonstrated that chronic respira- 
tory acidosis induces profound alterations in elec- 
trolyte balance, but little is known concerning the 
changes that occur when the stimulus of hyper- 
capnia is withdrawn. The present experiments 
were undertaken in order to define the process 
of recovery, and to determine how it is influenced 
by the availability of sodium and chloride in the 
diet. 
ried out in dogs returned to room air after a long 


For this purpose, balance studies were car- 
period of exposure to a high CO, atmosphere. 


METHODS 


Ten balance studies were carried out in 10 healthy fe- 
The 


experimental procedure, analytical methods, and calcu- 


male mongrel dogs weighing between 13 and 20 kg. 


lation of the balance data were the same as those de- 
scribed in the preceding paper (3). In order to study 
the influence of sodium and chloride intake, the animals 
were divided into three groups whose diet was identical 
except in the following respects: 1) 4 dogs received 50 to 
70 mEq of sodium and chloride daily (high-salt group) ; 
2) 4 dogs received approximately 5 mEq of sodium and 3 
in 3 this diet 
was supplemented by 60 to 120 mmoles of sodium chloride 


mEq of chloride daily (low-salt group) ; 


daily in the latter part of the study period; 3) 2 dogs re- 
ceived a diet identical with that of the low-salt group ex- 
cept that sufficient potassium chloride was added in lieu 
of potassium phosphate to raise the daily chloride in- 
take to 13 mEq. 

Seven of the animals those described 


were among 


in the preceding paper on adaptation to hypercapnia 
* Supported in part by grants from the National Heart 
Institute (H-759 and HTS-5309), the American Heart 
Association and the Life Insurance Medical Research 
Fund 
+ Established Investigator, American Heart Association. 
¢ Public Health Research Fellow of the National Heart 
Institute. 
§ Medical Foundation Research Fellow, The Medical 


Foundation of Metropolitan Boston, Inc. 


(3). In addition, each group contained 1 dog that was 
studied for only a few days prior to removal from CO.. 
The length of exposure to CO, in all 10 dogs ranged 
from 6 to 15 days. The recovery period was begun by 
the abrupt replacement of the high CO, atmosphere (11 
to 13 per cent) by room air. 


RESULTS 
A. Collective data 


The typical findings during recovery period for 
Dog H on a low sodium chloride intake are shown 
in Table I and Figures 1 and 2 of the preceding 
(3). 
study on a high-salt intake are shown in Table I] 


paper Data for a representative recovery 


and Figures 3 and 4 of the same paper. These 
studies are closely similar to the others in each 
group and will not be discussed individually. 

The collective data to be presented in this sec- 
tion were obtained from Dogs I, J, K and O in 
the high-salt group and Dogs, F. B, H and Q in 
the low-salt group. In one dog from each group 
no control data were available and, therefore, only 
observations on plasma composition are presented 
in the figures. However, the pattern of change in 
the urine was fully comparable with that to be 
described in the other dogs on the same diet. The 
results in the two dogs receiving a diet containing 
3 mEq of sodium and 13 mEq of chloride daily 
are presented separately in Section B. 


1. Acid-base balance. In Figure 1 are shown 


the changes in plasma bicarbonate concentration 


in the high- and low-salt groups. It is apparent, 
although the level of plasma bicarbonate in both 
groups was nearly the same at the end of the CO, 
period, that there was a marked difference |during 
recovery. The high-salt group, whose plasma 
levels ranged from 36.1 to 38.1 mEq per IL prior 
to removal from CO,, showed a fall of approxi- 
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TABLE I 
A Cumulative balances during recovery from chronic respiratory acidosis 
Cumula 
tive A 


net acid 


Group Dog Days excretiont 


mEq 


High NaCl intake 
—102 


— 36 


Low NaCl intake 


Salt added 
+28 


* 2.7 mEq potassium/g nitrogen. 
+ This value is not a balance but represents the change in net acid excretion. 


HIGH NaCl GROUP LOW NaCl GROUP 


——- $0/t Added —> | 
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Fic. 1. CHANGES IN PLASMA BICARBONATE CONCENTRATION DURING RECOVERY FROM CHRONIC 
RESPIRATORY ACIDOSIS. Day —1, shown at the beginning of both the high- and low-salt studies, 
refers to the last day of exposure to CO,. Day -1, shown prior to the addition of salt in the low- 
salt group, refers to the last day of salt restriction. The shaded area gives the range of plasma 
bicarbonate concentration on the last day of the control period for all 8 dogs. The lines through 
the points were drawn by inspection. Note that only 3 of the 4 low-salt dogs were studied dur- 


ing salt supplementation. 
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DAYS 

CHANGES IN PLASMA CHLORIDE 
Day -1, 


refers to the last day of exposure to CO,,. 


Fic. 2. 


RESPIRATORY ACIDOSIS. shown at the 


plasma chloride concentration on the 
through the points were drawn by inspection, 
studied during salt supplementation. 


24.0 to 25.8) at the 
Over the next several 


mately 12 mEq per L (range 
end of 1 day in room air. 
days there was a further fall to an average of ap- 
99 


proximately 22 mEq per L, which carried all ani- 
mals into the range of plasma bicarbonate con- 
centrations observed during the original control 
period. By contrast, the animals on a low-salt in- 
take, whose plasma levels ranged from 34.7 to 
38.3 mEq per L, showed a smaller drop (average 
8) during the first 24 hours in room air to plasma 
levels ranging from 27.6 to 29.5 mEq per L and 
remained there. As seen in the right-hand por- 
tion of the figure, when the animals’ diet was sup- 
plemented by sodium chloride there was a further 
fall of 5 to 6 mEq in plasma bicarbonate concen- 
tration which restored the level to normal in each 
dog. 

In Figure 3 are shown the values for plasma pH 


and pCO, for the high- and low-salt groups. 


CONCENTRATION 
beginning of both the high- 
Day -1, 
low-salt group, refers to the last day of salt restriction. 
last day of the control period for all 8 dogs. 


sa | 


DAYS 


DURING RECOVERY FROM CHRONIC 
and low-salt studies, 
shown prior to the addition of salt in the 
The range of 
The 


4 low-salt dogs were 


shaded area gives the 
lines 


> 


Note that only 3 of the 


Twenty-four hours after removal from the 


high 
CO, atmosphere, the pH of all four high-salt dogs 


was slightly, but significantly, above the control 


range, averaging 7.44. During the next 3 days 
there was a progressive fall of pH to a normal 
of 7.35 to 7.40. Plasma pCO, 


fell to normal on the first day 


range promptly 
in room air, and 

After 1 
room air, pH was elevated to a range of 7.42 to 
7.50 in three of the four low-salt dogs, but by 
contrast with the high-salt group, this slight ele- 
In the fourth low-salt 
plasma pH fell promptly to 7.39 and remained es- 
When salt was added to the 
diet of the low-salt group, pH fell to final values, 
ranging from 7.34 to 7.40. Plasma pCO, ranged 
between 37 and 50 mm Hg prior to addition of 
salt and in one dog showed a questionable, slight 
fall after the salt supplementation. 


remained normal subsequently. day in 


vation persisted. dog 


sentially unchanged. 
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The changes in urinary net acid excretion, am- 


monia, titratable acid, and bicarbonate are shown 
for both the low-salt and high-salt groups in Fig 
last 2 


are also shown. 


For each dog the value for the 2 days 


ure 4. 
“_ 2” - 1”) in CO, 


(Days “— 2” and “ 
Net acid excretion in the high-salt dogs fell to 


values significantly below the control level on the 
first day in room air. By the second day net acid 
excretion in two animals had returned to control 
levels, where it remained for the rest of the study. 
In the third, it was depressed below control levels 
for 2 additional days but thereafter was in the 


control range. Of the three low-salt dogs, two 
showed little or no change in net acid excretion, 
either on the first or subsequent days after re- 
moval from CO,, with A net acid remaining at 
values slightly above control levels. In one, how- 


ever, net acid excretion fell below control, where 


it remained for 2 days before returning to con- 


trol levels. Cumulative A net acid excretion is 

shown for each dog in both the high- and low-salt 

groups in Table I. 
Ammonium excretion, which was significantly 


elevated in the high-salt dogs on the last 2 days of 


HIGH NaCl GROUP 


FROM CHRONIC 
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exposure to CO.,, fell to control levels on the first 
day in room air and remained in the control range 
The 
also showed a fall of ammonium excretion which 
Sub- 


un- 


for the rest of the study. three low-salt dogs 
carried two of them into the control range. 
excretion remained 
Titratable 


2 days in CO, 


ammonium 
1 all three. 
which pees the last 2 


—— 


changed i acid excretion, 


was at or be- 
low control levels in both the high- and low-salt 


groups, remained in the same range on the first 


day in room air. Thereafter, it rose to control 


levels in the high-salt dogs and to slightly elevated 
Urinary 


excretion, which ranged from 2 


levels in the low-salt dogs. bicarbonate 
to 11 mEq per day 
Cr y, 


high-salt dogs and from 1 to 6 mEq per day in the 


during the last 2 days of .the period in the 


low-salt dogs, showed no consistent change in 


either group on the first recovery day.’ In two 
dogs of each group, bicarbonate excretion on the 


first day was negligible and in all the dogs excre- 


1In 3 animals the urine passed during the first 8 to 
12 hours in room air was analyzed separately and was 
all of the 
during the first recovery day. 


found to contain nearly bicarbonate excreted 


LOW NaCl GROUP 
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Fic. 3. PLASMA PH anv PeCO, 


DURING RECOVERY 


FROM CHRONIC RESPIRATORY ACIDOSIS. Day 


-1, shown immediately prior to the addition of salt in the low-salt group, refers to the last day 


of salt restriction. The shaded areas give the 


all 8 dogs. 


ranges on the last day of the control period for 
Note that only 3 of the 4 low-salt dogs were studied during salt supplementation. 
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Fic. 4. 


of both the high- and low-salt studies, refer to the last 2 days of exposure to CO.. 
shown prior to the addition of salt in the low-salt 
Each value represents the change from the mean 


tion was at control levels (approximately 1 mEq 
per day) on the second and subsequent days. 

During the first day on which the low-salt dogs 
received extra salt, the plasma bicarbonate fell 
only slightly and there was little change in net 
acid excretion ; however, during the next 2 days of 
salt supplementation, while plasma _ bicarbonate 
fell to the control levels, net acid excretion was 
diminished. After 1 or 2 further days of sup- 
pression, net acid excretion tended to return to 
control values. A pattern similar to that de- 
scribed for net acid excretion was followed both by 
ammonium and titratable acid. Bicarbonate ex- 
cretion remained negligible during the period of 
salt supplementation. Cumulative A net acid ex- 
cretion is shown for each dog in both the high- 
and low-salt groups in Table I. 

2. Chloride, sodium, and potassium. The plasma 


chloride concentration after removal of the high- 


1 
3456 -1 1234567 8 


DAYS 


CHANGES IN NET ACID, AMMONIUM, TITRATABLE ACID, AND BICARBONATE EXCRETION 
DURING RECOVERY FROM CHRONIC RESPIRATORY ACIDOSIS. 


Days -1 and -2, shown at the beginning 
Day -l, 
group, refers to the last day of salt restriction. 
daily excretion during the control period. 


and low-salt animals from the CO, atmosphere is 
shown in Figure 2. In the high-salt group plasma 
chloride values for the last day in CO, (Day — 1) 
ranged from 90 to 98 mEq per L. In room air 
there was a prompt rise in plasma chloride concen- 
tration to control levels of 104 to 111 mEq per L. 
In the low-salt group the plasma chloride concen- 
tration on the last day in CO, ranged from 86 to 
101 mEq per L, and on the first day in room air 
changed little (range 88 to 102). Over the next 
5- to 6-day period plasma chloride concentration 
After addition of 
dium chloride to the diet, there was a prompt rise 


was essentially constant. so- 
in plasma chloride concentration, which in 2 days 
carried the level to between 108 and 110 mEq per 
L, where it remained subsequently. 

The changes in plasma chloride and plasma bi- 
carbonate tended to be reciprocal, as they had 
been during the CO, period (3), but after 1 day 
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in room air, the fall in plasma bicarbonate regu- 
larly exceeded the rise in plasma chloride in both 
dietary groups. In the high-salt group, the dis- 
crepancy averaged 4 mEq (range 3 to 7) and was 
attributable entirely to an increase in the level of 
“unmeasured anions.” In the low-salt group it 
averaged 5 mEq (range 3 to 7) and was due partly 
to a rise in unmeasured anions and partly to a fall 


~ 


in plasma sodium. During the next 4 to 5 days 


the discrepancy disappeared in the high-salt 
group; in the low-salt group it persisted until salt 
was added to the diet, at which time plasma chlo- 
ride rose more (average 16 mEq per L) than 
plasma bicarbonate fell (average 6 mEq per L). 

Chloride excretion in the high-salt dogs, which 
during the latter part of the CO, period had re- 
turned approximately to control levels, fell sharply 
during the first 1 or 2 days after removal from the 
high CO, atmosphere. By the fourth day, chlo- 
ride excretion in each animal had again returned 
to the control level, where it remained for the 
rest of the study. In the low-salt dogs the urine 
remained virtually chloride-free during the ini- 
tial recovery phase. When the salt supplement 
was given, all the administered chloride was re- 
tained during the first day. In the course of the 
next 2 or 3 days there was a rise in urine chloride 
until approximate balance between intake and out- 
put was achieved. 

In the three high-salt dogs a transient, modest 
retention of sodium occurred after removal from 
CO,, after which the output returned to control 
levels. In the low-salt dogs sodium excretion dur- 
ing the recovery phase closely paralleled the chlo- 
ride excretion. 

The cumulative A balance of chloride in the 
high-salt dogs during recovery is shown in Table 
I. It will be seen that in each dog it exceeded the 
cumulative A balance of sodium, which was small. 
The excess chloride calculated from the ratio of 
the concentrations of the two ions in extracellular 
Table I. 


During salt supplementation all three low-salt 


fluid is also shown in 


dogs retained large quantities of sodium despite 
the fact that they had lost little or none during the 
CO; period (3). 
a sodium deficit during a control period on a low- 


Since these dogs had developed 


salt diet, such a retention would be anticipated, 
but the ratio of chloride to sodium retained was in 
all instances greater than would be required 


TABLE II 


A Cumulative potassium balance during chronic exposure 
toa high COz atmosphere 


K corr. 
Dog 4 for N* 


High NaCl intake 
I 
J 


K 


Low NaCl intake 


B 
E 
H 


* 2.7 mEq potassium/g nitrogen. 


simply for expansion of extracellular fluid with a 
constant chloride-sodium ratio, and the values for 
excess chloride are similar to those for the high- 
salt dogs (Table I). It was of interest that the 
figures for corrected chloride losses during the 
CO, period (3) were of the same order of mag- 
nitude. 

The cumulative A potassium balance in the high- 
and low-salt dogs during the period of exposure to 
CO, is shown in Table II. Since there were no 
important gains or losses of potassium in the con- 
trol period (3), the figures in this table can be 
taken to indicate the state of potassium balance 
of the dogs at the beginning of the recovery phase. 
The serum potassium concentration in the high- 
salt dogs during the recovery period ranged from 
3.2 to 4.7 mEq per L, a range not significantly 
different from that observed during the CO, pe- 
riod. In the low-salt dogs, the serum potassium 
concentration ranged from 3.3 to 4.0 mEq per L, 
values which on the average were slightly lower 
than those during the control and CO, periods. 
With the addition of sodium chloride to the diet 
there was little, if any, significant change in se- 
The 


ranged between 3.6 and 4.4 mEq per L. 


rum potassium concentration. final values 

On the first day in room air all of the high-salt 
dogs and two of the three low-salt dogs retained 
potassium, in amounts ranging from 10 to 25 mEq. 
Subsequently, there were only slight fluctuations in 
A potassium balance, and these can be accounted 
for by correction for nitrogen balance. Cumula- 
tive A potassium balance (Table I) in the high- 
salt group, and in the low-salt group before add- 


ing salt, was small and variable. When salt was 
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Fig. 5. 


MEQ OF SODIUM AND 13 MEQ OF CHLORIDE. 
5 days of exposure to a high CO, atmosphere. 


RECOVERY STUDIES IN TWO DOGS RECEIVING A DIET 


DAYS 

CONTAINING 3 
Days -1 to —5 refer to the last 
The values for pH during 


exposure to CO, are shown with a dashed line since they are only approxi- 


mate (3). 


added to the diet of the low-salt group, A potas- 
sium balance became significantly positive in two 
of the three dogs; but, corrected for nitrogen, 
there was no significant retention (Table I). 

3 Nitrogen, phosphorus, organic acids, and sul- 
fate. In the high-salt group, the negative A 
nitrogen balance of the CO, period continued for 
the first 2 days of the recovery period and then 
gradually became less negative, until all the dogs 
were virtually at control levels. In the three low- 
salt dogs, A nitrogen balance remained the same 
as it had been during the latter part of the CO, 
period. However, when salt was added to the 
diet, there was a striking and persistent retention 
of nitrogen (Table I). 

During the first day of recovery, urinary phos- 
phate fell sharply in both high- and low-salt 
groups, to values 6 to 20 mmoles below the con- 
trol level. In both the high- and low-salt groups, 
phosphorus excretion returned to the control 
When the low- 
salt diet was supplemented with salt, urinary phos- 


range by the second or third day. 


phate was again suppressed in two of the three 


The dashed line represents the daily intake of chloride. 


dogs (about 10 mmoles per day) and this suppres- 
sion persisted. The reduction in phosphate ex- 
cretion correlated closely with the degree of nitro- 
gen retention. 

During the recovery period sulfate and organic 
acid excretion generally remained within + 10 
mEq of the control values. As in the previous 
periods, sulfate and organic acid excretion tended 
to parallel nitrogen excretion. 

4, Miscellaneous data. 
change in the weight of either the high- or low- 


There was no significant 
> 


salt group after removal from the CO, atmos- 
phere, but when salt was added to the diet of the 
low-salt ach dog gained approximately 
0.5 kg. 


at the end of the study and ranged from 39 to 45 


group, 
Hematocrit was measured in four dogs 


per cent. 

Stool content of sodium and chloride did not 
change significantly in either group during the 
recovery period, the figure for sodium averaging 
approximately 4, and that for chloride approxi- 
mately 1 mEq per day. In the high-salt group 
the fecal potassium was unchanged from the previ- 
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Data for 
stool composition before and after addition of 


ous periods, averaging 1 mEq per day. 


salt to the diet are available for two low-salt dogs. 
In these, fecal potassium, which had been approxi- 
mately 6 mEq per day (in CO,), rose during the 
recovery period to 10 and 15 mEq per day, re- 
spectively. When salt was added to the diet, they 
both showed a fall in fecal potassium to less than 
3 mEq per day. 


B. Studies of two dogs receiving a diet containing 
3 mEq of sodium and 13 mEq of chloride 


Balance data on Dog E, receiving a diet contain- 
ing 3 mEq of sodium and 13 mEq of chloride, are 
shown in Table III and Figure 5. One day after 
the end of the CO, period (Day 13) the arterial 
pCO, was 44 mm Hg and remained between 38 
and 45 for the rest of the study. Plasma bicarbo- 
nate, which was 37.0 mEq per L at the close of the 
CO, period, fell 7.7 mEq during the first day of 
recovery (Day 13) to 29.3 mEq per L, a level of 
This fall 
was accompanied by a rise in plasma pH to 7.45, 


6.3 mEq above the final control figure. 


a value significantly above the control range. 
sicarbonate excretion was negligible (4 mEq) and 
was unchanged from the values seen during ex- 
posure to CO,. Net acid excretion fell to a value 
42 mEq below the mean control level and 56 mEq 
below the mean value for the last 2 days in CO.,. 
This reduction was due to a fall in the excretion 
of both ammonium and titratable acid. 

During the rest of the recovery period (Days 
14 through 23), the plasma bicarbonate and pH 
descended gradually to the control range. Over 
this interval the urine was virtually free of bicarbo- 
nate (1 mEq per day). Net acid excretion re- 
turned approximately to the control level by the 
third day. 

The gradual descent of the plasma bicarbonate 
to control levels during the recovery period was 
accompanied by a gradual ascent of the plasma 
(Figure 5). The 
correction of the hypochloremia was associated 


chloride to its control level 
during the first 8 recovery days (13 through 20) 
with a consistently positive chloride balance av- 
eraging 10 mEq per day, the urine remaining 
virtually chloride-free. During the remaining 3 
days (21 through 23), as the plasma chloride and 
returned 


bicarbonate almost simultaneously to 
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their control levels, the urinary chloride output 
also returned to its control level, which approxi- 
mated the intake of 13 mEq per day. The cumu- 
lative 4 chloride balance, which during the 8-day 
CO, period had been — 83 mEq, was + 103 mEq 
during the 11-day recovery period. The urine 
stayed virtually sodium-free during recovery, but 
since the diet contained only 3 mEq per day, there 
was no significant sodium retention. 

The cumulative A potassium balance in the 
CO, period was + 40 mEq and, corrected for ni- 
trogen, + 53 mEq. Since the dog was in potas- 
sium balance in the control period, these figures 
can be taken to indicate that it was in positive bal- 
ance at the beginning of recovery. The urinary 
potassium output fell on the first recovery day 
(Day 13), giving rise to a A balance of + 11 mEq. 
Subsequently, the dog remained approximately in 
potassium balance. The plasma potassium, which 
had been normal during the previous part of the 
Table III 


shows that the phosphate excretion, like potas- 


study, remained so during recovery. 


sium excretion, was markedly reduced on the first 
day of the recovery period. Subsequently, it re- 
turned to control values. The hematocrit ranged 
from 41 to 46 per cent and the weight remained 
constant. 

In the right-hand section of Figure 5, data are 
presented on a second dog (T) receiving a chlo- 
ride supplement. Full correction of the hypo- 
chloremic alkalosis was achieved in 5 to 6 days, 
during which time the net retention of chloride 
was 32 mq. As before, after serum chloride 
had risen to normal, urinary chloride output also 
rose to a level which approximated the chloride 
intake. 
intake, the urine remained virtually sodium-free 


As would be expected on a low-sodium 


throughout recovery; sodium balance was es- 


sentially zero, The potassium balance during re- 
covery was — 29 mEq, or — 20 mEq after cor- 
rection for nitrogen balance. Net acid excretion 
showed little change on the first day in room air 


but fell significantly during the 3 subsequent days. 


DISCUSSION 


It has been previously demonstrated that adap- 
tation to chronic respiratory acidosis is uninflu- 
enced by the salt content of the diet, the same rise 


in plasma bicarbonate concentration and fall in 
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plasma chloride occurring regardless of the pres- 
ence or absence of sodium chloride (3). By con- 
trast, the present data indicate that the electrolyte 
intake exerts a marked influence on the recovery 
process, restriction of salt impeding the full restor- 
ation of normal acid-base and electrolyte equilib- 
rium. In animals on a high-salt intake, withdrawal 
from CO, was followed by a prompt fall in bi- 
carbonate concentration to control levels of 21 to 
24 mEq per L. On the other hand, in sodium 
chloride-restricted animals the bicarbonate con- 
centration fell significantly less, and remained in 
the range of 27 to 30 mEq per L, with the result 
that blood pH rose above normal. This abnormal 
state persisted throughout the 5- to 6-day period 
of observation. That a restricted salt intake was 
a critical factor in maintaining the elevation of 
plasma bicarbonate was evidenced by the prompt 
fall to the normal range that followed addition of 
sodium chloride. 

The alterations in plasma bicarbonate were as- 
sociated with characteristic and virtually recipro- 
cal changes in plasma chloride concentration.* 
Thus, in the high-salt group the chloride concen- 
tration promptly returned to normal, while in the 
low-salt group hypochloremia persisted until the 
addition of salt. 

While these studies that salt intake 
played an important role in the restoration of the 
normal electrolyte composition and pH of the 
extracellular fluid, they permit no conclusion as to 
whether it was the sodium ion, the chloride ion, 
or both, which were responsible. However, two 
additional studies (Figure 5 and Table III) of 


indicate 


dogs on a diet low in sodium, but containing 13 
mEq of chloride per day, demonstrated that pro- 
vision of chloride alone is sufficient to permit full 
correction of the acid-base disturbance. In these 
two experiments, despite the almost complete ab- 
sence of sodium from the diet, plasma bicarbonate 


2 It should be noted, however, that on the first day in 
room air the fall in bicarbonate in both groups exceeded 
the rise in serum chloride, and there was an increase of 
approximately 4 to 6 mEq per L in the concentration of 
“unmeasured This 
quickly in the high-salt dogs, but persisted in the low- 
salt group until the addition of sodium chloride. No 
measurements were made of lactate or pyruvate levels, 
but increments in the concentration of both are known 
to occur during metabolic alkalosis (4), and may have 
accounted, at least in part, for the increase in unmeas- 
ured anions during the period that blood pH was elevated. 


anions.” discrepancy disappeared 
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concentration fell gradually to normal levels in 
5 to 7 days after withdrawal from CO,, while there 
was a reciprocal rise in serum chloride concen 
tration. The urine remained virtually chloride- 
free until the serum chloride concentration had 
reached a normal level, and chloride excretion 
then rose promptly to values equal to the intake. 

It is noteworthy that the fall in plasma bicarbo- 
nate, when the dogs were returned to room air, 
usually occurred without a significant bicarbonate 
diuresis. It might reasonably have been antici- 
pated that, with a sudden fall in pCO,, bicarbonate 
excretion would have increased as it does when a 
disproportion pCO, and 
plasma bicarbonate is created by hyperventilation 
(5). 
difference in response, but it is conceivable that 
increased avidity for sodium accounted for the 
absence of a 


comparable between 


There is no obvious explanation for this 


bicarbonate diuresis. It is well 
known, for example, that severe salt depletion 
prevents the alkalinization of the urine which 
normally occurs in response to respiratory (6) 
(7, 8) On the 


hand, mild sodium depletion of a degree similar 


and metabolic alkalosis. other 
to that which may have existed in the present 
study does not prevent alkalinization of the urine 
(5). 
dogs in the low-salt group did not have a bi- 


with hyperventilation Furthermore, the 
carbonate diuresis even when given salt, an ob- 
servation which stands in contrast to those of 
Gamble and Ross (7) and Van Slyke and Evans 
(8), who demonstrated a prompt bicarbonate di- 
uresis when sodium chloride was administered to 
salt-depleted alkalotic animals. Finally, it should 
be noted that the high-salt dogs continued to ex- 
crete significant quantities of sodium and chloride 
during the period of correction, even at a time 
when they were in positive sodium balance. 
Thus, from the available evidence, it seems un- 
likely that sodium depletion was responsible for 
the failure to excrete bicarbonate in either group. 
The explanation of this phenomenon remains 
obscure. 

There is no evidence for a significant differ- 
ence in body potassium stores between the high- 
and low-salt dogs to account for the higher plasma 
bicarbonate concentration that was maintained by 
the low-salt animals. At the end of the CO, pe- 
riod, little or no potassium deficiency was pres- 
ent in either group. Although slight potassium re- 
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tention occurred on the first day in room air in 
both groups, in neither was there a significant 
cumulative loss or retention. Such retention of 
potassium as occurred when salt was added to the 
low-salt diet was no more than would be expected 
in association with the marked nitrogen retention 
which occurred simultaneously. 

In the absence of a bicarbonate diuresis, it 1s 
obvious that the fall in plasma bicarbonate level 
must be accounted for either by a redistribution of 
hydrogen within the body, or by a reduction in 
renal acid excretion. It is likely that the reduc- 
tion of the pCO, to normal was accompanied by a 
migration of hydrogen ions from cells to the ex- 
tracellular fluid, analogous to that which occurs 
in acute respiratory alkalosis (9). Such a migra- 
tion could account for the substantial but incom- 
plete reduction in plasma bicarbonate that occurred 
initially in all three low-salt dogs, two of which 
had no significant suppression of renal acid ex- 
cretion. A similar contribution of tissue hydrogen 
would also explain half, or more, of the reduction 
in bicarbonate concentration in the dogs receiving 
salt, and it seems probable that the transient sup- 
pression of renal acid excretion that occurred 
consistently in this latter group accounted for the 
This 


view is supported by the further observation that 


remainder of the fall to the control level. 


the decrement of plasma bicarbonate following ad- 
dition of salt to the diet of the low-salt group was 
also accompanied by a striking suppression of acid 
excretion. It should be emphasized, however, 
that the above interpretations of changes in acid 
excretion rest on the assumption that the endoge- 
nous (metabolic) acid load remains constant. 
The limitations and possible errors in this assump- 
tion have been considered previously (3). 
Regardless of the mechanism responsible for 
the smaller initial fall in plasma bicarbonate con- 
centration in the low-salt dogs, it is evident that 
the kidney was responsible for the sustained ele- 
vation of plasma bicarbonate concentration dur- 
ing the subsequent week of observation. If, as is 
currently believed, bicarbonate reabsorption takes 
place entirely by means of hydrogen ion secretion, 
it can be concluded that the transfer of hydrogen 
into the glomerular filtrate continued at a mark- 


edly elevated rate in the low-salt dogs during the 


recovery phase. Why it is that chloride deficiency 
sustains an increased reabsorption of bicarbonate, 
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even when plasma CO, tension is normal, is not 


clear from the present data. However, it is con 
ceivable that when the concentration of chloride 
in the glomerular filtrate is low, so that less chlo- 
ride is available to reduce the potential set up by 
active transport of sodium, a counter-diffusion of 
hydrogen ions into the tubular lumen is induced. 
Such an enhancement of hydrogen transfer would 
explain the complete reabsorption of the increased 
bicarbonate load and the maintenance of a normal 
rate of titratable acid and ammonium excretion in 
the face of an extracellular alkalosis. As chloride 
is added to the diet, and as more chloride is thus 
made available for reabsorption, the rate of hy- 
drogen diffusion would be expected to fall. Con- 
sequently, the removal of bicarbonate from the fil- 
trate would presumably be completed at a more 
distal site in the tubule, and the rate of acid ex- 
cretion would diminish. This hypothesis is con- 
sistent with previous experiments showing that the 
rate of acid excretion can be markedly increased 
in the nonacidotic dog when the availability of 
chloride is severely limited. In these experiments 
the infusion of phosphate induced near-maximal 
excretion of titratable acid, and the subsequent 
administration of chloride was followed by marked 
suppression of acid excretion (10). It should 
be emphasized, however, that the present experi- 
mental conditions are very different and, in any 
event, the hypothesis concerning the influence of 
chloride on the process of recovery from chronic 
respiratory acidosis must be regarded as highly 
speculative and in need of further investigation. 


SUMMARY 

Balance studies have been carried out in eight 
dogs during recovery from chronic respiratory 
acidosis induced by a high CO, atmosphere. 
Four animals had received a high-salt diet and 
four others a low-salt diet during the period of 
exposure to CO,, and each group was maintained 
on the same diet throughout the recovery period. 
At the end of the CO, period, plasma bicarbonate 
concentration ranged from 35 to 38 mEq per L in 
both groups; plasma chloride concentration was 
depressed. After being returned to room air, the 
high-salt dogs showed a prompt reduction in 
plasma bicarbonate concentration to a normal 
range of 21 to 24 mEq per L, and the plasma chlo- 
ride concentration rose simultaneously to a nor- 
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mal level. By contrast, the low-salt dogs had a 


significantly smaller reduction in plasma bicarbo- 


nate concentration, to values of approximately 27 


to 30 mEq per L, and became mildly alkalotic; 
plasma chloride concentration showed little or no 
change. The fall in plasma bicarbonate in both 
groups usually took place without loss of bicarbo- 
nate in the urine. 

During the subsequent 6 days the low-salt dogs 
stabilized their plasma bicarbonate levels in a 
range consistently above the normal; the plasma 
chloride concentration in these animals remained 
grossly subnormal. The persistent elevation of 
plasma bicarbonate concentration in the low-salt 
animals indicates that an elevated rate of hydro- 
gen ion secretion persisted despite a normal 
plasma carbon dioxide tension. Potassium defi- 
ciency did not appear to be a factor in the differ- 
ence observed between the low- and high-salt 
groups. 

When salt was added to the diet of the low-salt 
dogs, the plasma bicarbonate fell to normal, and 
there was a reciprocal rise in plasma chloride 
concentration. The reduction in bicarbonate was 
achieved without urinary bicarbonate loss but was 
associated with a marked suppression of acid ex- 
cretion. Two additional studies of animals given 
a diet low in sodium but containing a moderate 
amount of chloride demonstrated that the acid- 
base disturbance and hypochloremia could be cor- 
rected solely by the provision of chloride. 

A possible mechanism to account for the ob- 
served effect of chloride deficiency in impeding the 
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restoration of normal acid-base balance has been 


considered. 
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Histological methods cannot accurately assess 
the functional capacity of the human adrenal cor- 
tex. About 36 per cent of patients with Cushing's 
syndrome are reported to have adrenal glands nor- 
mal in weight and histological appearance (1, 2). 
Adrenal adenomas are considered functional only 
if they are associated 


with atrophy of non- 


adenomatous adrenal tissue. Moreover, certain 


tumors of the adrenal medulla and kidney cannot 


be distinguished from cortical neoplasms by his- 


tological techniques (3). 

Several recent reports have demonstrated that 
the human adrenal cortex retains much of its ac- 
tivity im vitro (4-11). 


slices have been found to produce steroids, in- 


Adrenal homogenates or 


corporate precursors into more complex com- 
pounds, and respond to ACTH.* Cooper and 
co-workers showed that adrenal slices produced 
the same corticosteroids in vitro that were found 
in adrenal vein blood (8). Bongiovanni (9) dem- 
onstrated that homogenates of adrenals from pa- 
tients with congenital adrenocortical hyperplasia 
were unable to hydroxylate the 21-carbon atom of 
steroid precursors, a defect present in vivo. In- 
cubation experiments with rat, ox, and human 
adrenal slices indicate that t — steroids are readily 
released into the incubation media (10-14) ; this 
technique therefore affords the opportunity to in- 
vestigate directly the function and biosynthesis of 
steroids by human adrenal tissue. 


* This work was supported by Grants C-3998 and A-254 
(C8) from the US Public Health Service 

+ Advanced Research Fellow of the American Heart 
Association during part of this study. 

1Compounds referred to are: ACTH, adrenocortico- 
( 118,17a,21-tri- 


Compound E, 


Compound F, cortisol 


hydroxy-4-pregnene-3,2 


tropic hormone. 
corti- 
Com- 
(118,21-dihydroxy-4-pregnene- 
(17a,21-di- 
Aldo, aldosterone (11f, 
21-dihydroxy-18-aldo-4-pregnene-3,20-dione ) . 


0-dione ). 
sone (17a,21-dihydroxy-4-pregnene-3,11,20-trione ). 
pound B, corticosterone 


3,20-dione). Compound S, 11-deoxycortisol 


hydroxy-4-pregnene-3,20-dione ) . 


The present report is a study of the corticoster- 
oids synthesized and released into the media after 
incubation of atrophic, “normal,” hyperplastic, 
and adenomatous adrenal tissue slices from two 
patients with hypertension and four with Cush- 
ing’s syndrome. 


SUBJECTS AND METHODS 

Seven adrenals and three adenomas were removed from 
4 patients with Cushing’s syndrome and two adrenals 
from a patient with malignant hypertension. In a pa- 
tient who underwent a laparotomy for a suspected pheo- 
chromocytoma, the right adrenal was removed because 
of a small mass in one pole which was found to be a 
hemorrhage of recent origin and not a pheochromocy- 
toma; otherwise, the gland was of normal weight and 


histological appearance. An adenoma and “normal” 


adrenal were obtained at autopsy from 2 patients with 
All adrenal glands 
were removed at a one-stage operation and kept cold 


no known adrenocortical dysfunction. 


throughout all the experimental manipulations. All 
patients received cortisone acetate or cortisol hemisuc- 
cinate the evening prior to and the morning of surgery. 
Blood and cortisol were administered during the opera- 


tive procedure 
Case reports 


44., 


patient 


a 30 year old female, was referred to the Out- 
fatigue, 
amenorrhea, hypertension, lability 


libido. Blood 196/145. 


Physical findings were: moon facies, plethora, diminished 


Clinic because of a 2-year history of 
headache, emotional 


and decreased pressure was 


scalp hair, purple striae, hirsutism, truncal obesity. An 


acneiform eruption was present over the face, back 


and chest. Hemogram, urine analysis, electrolytes, non 
protein nitrogen, total protein, albumin/globulin ratios, 
fasting and 2-hour postprandial blood sugars were normal. 
ACTH 


Radiological examinations revealed calcifi- 


An intravenous stimulation test was abnormal 
(Figure 1). 
cation of the falx cerebri but no osteoporosis in the 
skull, long bones or vertebral column. 

T.N. was a 12 year old boy referred to the Pediatric 
“Cushingoid” appearance. He 


Service because of a 


complained of headaches and frequent diaphoresis. Phys- 
ical examination revealed a moon facies, plethora, purple 


striae, acanthosis nigricans, tinea versicolor, an acneiform 
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Pre ACTH 


Post ACTH 


Shaded area represents the 95% confidence limits of Cortisol Values 


in 20 normal subjects 
Fic. 1. 


PLASMA CORTISOL RESPONSE 


to ACTH In 


FOUR PATIENTS WITH CUSHING’S 


SYNDROME. 


eruption and truncal obesity. Blood pressure was 160/ 
130. The hemoglobin was 17.8 g per 100 ml and the 
hematocrit 48 per cent. The blood cell 
(WBC) 14,350 per mm*. Electrolytes, 
tein nitrogen, fasting and 2-hour postprandial blood sug- 
total 
analysis, calcium, phosphorus and alkaline phosphatase 


white count 


was nonpro- 


ars, protein, and albumin/globulin ratios, urine 


were normal. X-ray examinations of the bones were 


normal. An intravenous ACTH stimulation test was ab- 
normal (Figure 1). 

L.J. was a 45 year old female with a 2-year history of 
mental depression, easy bruisibility and fatigue, and a 
l-year history of headache and poor wound _ healing. 
Positive physical findings were: blood pressure 180/100, 
moon facies, plethora, purple striae, truncal obesity, 
peripheral edema, telangiectasis and acneiform eruption 
The WBC was 17,000 per mm’. 


globin, hematocrit, urine analysis, electrolytes and blood 


over the face. Hemo- 
X-ray examina- 
The first 
ACTH test was normal, the second test performed 3 


chemistries were within normal limits. 
tion of skull and ribs revealed osteoporsis. 


months later showed an abnormal increment in plasma 
cortisol. 

M.Me. was a 42 year old female with a 4-year history 
of easy bruisibility, fatigue, headache, poor wound heal- 


ing, amenorrhea and hypertension. Physical examination 


revealed blood pressure of 210/110, moon facies, plethora, 
alopecia, hirsutism, purple striae, truncal obesity with 


obese extremities, diffusely enlarged thyroid gland, 


peripheral edema, left ventricular enlargement and an 


acneiform eruption over the face, back and chest. The 
patient had a diabetic type of glucose tolerance curve 
and glycosuria. Plasma cortisol levels were abnormal 
before and after ACTH stimulation. 


of the skull, long bones, pelvis and vertebral column re- 


X-ray examination 


vealed osteoporosis of the skull and a compression frac- 
ture of the fifth The patient refused 
surgery and returned to the hospital 3 weeks later in an 


lumbar vertebra. 


associated with early 
After 


the heart failure with a low-salt diet, digitalis and mer- 


acute depressive psychotic state 


left-sided congestive heart failure. treatment of 


curial diuretics, surgery was performed. A large adrenal 
adenoma was discovered. 

E.W., a 47 year old female secretary, entered the hos- 
pital for “blurred vision”; 24 years before admission the 
patient was treated for a urinary tract infection. Fifteen 
years prior to entry, the patient was told that she had 
hypertension; blood pressure at that time was 230/110. 
The patient had diabetes mellitus managed by diet alone 
blood 
260/130, bilateral papilledema, retinal hemorrhages and 


Physical examination revealed a pressure of 


exudates but no microaneurysms, left ventricular en- 
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largement, mitral insufficiency and a normal sinus rhythm. 
There was no evidence of congestive heart failure. Di- 
agnostic studies for pheochromocytoma, hyperaldostero- 
Uri- 


nary excretion of 17-ketosteroids and 17-ketogenic ster- 


nism and unilateral renal disease were unrevealing. 
oids were normal. Serum potassium was 2.6 mEq per 
L, serum sodium 139 mEq per L, chloride 91 mEq per 
L, and CO, 33 mEq per L. 
rum potassium was caused by chlorothiazide therapy. 


It was felt that the low se- 
The 
serum potassium returned to normal on a routine diet 
supplementation. Nonprotein nitro- 
The patient had 11.5 g per 


Urine cul- 


without potassium 
gen was 57 mg per 100 ml. 
100 ml hemoglobin and 35 per cent hematocrit. 
tures were sterile. Because of the progressively malig- 
nant nature of the hypertension, a bilateral adrenalectomy 


The blood 


yressure decreased significantly, b e patient experi- 
r re decr 1 significantly, but th tient experi 


was performed. Both adrenals were enlarged. 
enced an acute myocardial infarction on the third post- 
operative day and succumbed. An autopsy confirmed the 
clinical cause of death. 

J.K., a 41 year old male, was admitted to the hospital 
because of increased “nervousness, sweating and tachy- 
2 The patient claimed 


cardia” of about 2 years’ duration 


to have been “nervous” for many years. Two months 
prior to admission an elevated blood pressure of 170/110 
was found, associated with increased urinary catechol- 
Aside from the elevated blood pressure on ad- 
Additional 
measurements of catecholamine excretion in the hospital 


studies. An in- 


amines. 
mission, physical examination was normal. 


were normal as were other diagnostic 
travenous pyelogram showed an absent left kidney and 
ureter, and a mass in the region of the left adrenal. A 
careful surgical exploration revealed that the left kidney, 
adrenal gland and mass were indeed absent. The patient 


was unimproved upon discharge. He returned 1 month 
later and an exploration of the right adrenal gland with 
The 


Surgical exploration 


subsequent total removal was performed. adrenal 


weight was within normal limits. 
at that time revealed no evidence for argentiform tumor. 
Again the patient did not experience symptomatic im- 
provement. He was later admitted to the West Haven 
VA Hospital 


adrenocortical 


where investigation revealed normal 


and adrenomedullary function, presum- 


His blood 
within the 


ably on the basis of an ectopic adrenal gland. 


pressure was labile but generally normal 


range. 


Incubation technique. Adrenals were immediately 


reweighed, and_ sliced 


Slices from multiple 


weighed, sectioned, freed of fat, 


with a Stadie-Riggs microtome. 
areas of each adrenal were taken for each experimental 


flask 


weighed slices was performed in a 


Medullary tissue was not removed. Incubation of 
Dubnoff 
in 1 ml per 30 mg of tis- 


metabolic 
incubator for 3 hours at 37° C 
sue of Krebs-Ringer bicarbonate buffer with 200 mg per 
100 ml glucose in an atmophere of 95 per cent O., 5 per 
cent Cl do. The 
after excision of the adrenals. 
added to 
rracer quantities of progesterone-16-H*® and corticoster- 


2 


incubations were begun within 3 hours 
Five to 10 U of ACTH per 


g of tissue was selected incubation flasks. 
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one-4-C™, purified to constant specific activity by paper 
chromatography, were added to some experimental flasks. 
After incubation the media were carefully decanted and 
the tissue and flasks washed three times with cold iso- 
tonic saline and appropriate media pooled. In order to 
correct for chemical losses incurred during manipulations, 
tracer quantities of C**-labeled cortisol and corticosterone, 
and tritium-labeled aldosterone were added to the media 
(except those from the incorporation studies). Because 
corticosterone and 11-deoxycortisol were carried through 
the same chromatographic systems and had similar mo- 
bilities except for approximately 3 cm separation on a 
second chromatogram, it was assumed that the recover- 
ies of corticosterone and 11-deoxycortisol were similar. 
Therefore, the recoveries of the added tracer C’*-cortico- 
sterone were also used to correct for chemical losses of 
11-deoxycortisol. 

Separation and measurement of corticosteroids. The 
media were extracted twice with 2 vol of dichloromethane 
which had been purified by passage through a silica-gel 
column. The dichloromethane extract was washed once 
with 0.1 vol of 0.05 N NaOH, twice with 0.1 vol of 
distilled water, dried with anhydrous sodium sulfate, and 
evaporated in vacuo at 37° C. The residues were applied 
to Whatman no. 1 chromatography paper, along with 
appropriate standards, and developed for 72 hours in a 
modification of the toluene: propylene: glycol system of 
Keutmann (15). The effluents 
Corticosteroids were located on the chro- 
The 
cortisol and cortisone-aldosterone areas were eluted sepa- 


Burton, Zaffaroni and 
were collected. 
matograms by the ultraviolet scanning method. 
rately with absolute ethanol and rechromatographed in 
the Bush-C system (16) which separated cortisone and 
The the toluene-propylene 


glycol system were chromatographed for 20 hours in the 


aldosterone. effluents from 


cyclohexane : dioxane : methanol: water system (100: 100: 


50:25) which separated corticosterone from 11-dexoy- 
cortisol (17). 
the chromatograms by a gas-flow paper chromatogram 


Identical 


C-labeled steroids were also located on 


scanner with a thin window. mobilities were 
observed by the ultraviolet absorbing and radioactive 
strip scanning techniques. 

Quantitative measurements of the isolated corticoster- 
oids were performed on eluates from the second chro- 
matographic systems by the alkaline fluorescent method 
(18). For 


measured, the corresponding authentic steroid was used 


of Abelson and Bondy each corticosteroid 
in construction of the standard curve, except in the case 


of aldosterone. The fluorescent curve of the latter was 
approximated more closely by corticosterone than by 
any of the available steroids tested (19). 

Radioactivity was counted to a standard error of +2 
per cent in a liquid phosphor scintillation counter (model 
1.P2, Technical Measurements Corp., New Haven, Conn.) 
which has a counting efficiency of 64 to 68 per cent for 
C™ and 13 to 18 per cent for tritium. 


500 mc per mmole (obtained from New 


Progesterone-16-H’*, 
Nu- 
clear Corp.), was mixed with stable progesterone, and 
Corticosterone-4-C™, 


England 


purified by paper chromatography. 
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1.47 me per mmole, and cortisol-4-C™, 1.47 me per mmole 
(obtained from the Study 
USPHS), were also purified by paper chromatography 
and _ their prior to 
Randomly 


Endocrinology Section, 


specific activities determined use. 


labeled H*-aldosterone was prepared from 


Wilzbach 


chromatography as 


technique 
both the 


aldosterone-21-monoacetate by the 
and 
monoacetate and the free alcohol. 


purified by paper 

The isolated corticosteroids were identified by virtue 
of their characteristic mobilities in two to three different 
chromatographic systems, ultraviolet absorption, fluor- 
escence in alkaline solution and, in some instances, maxi- 
mal ultraviolet absorption at 240 to 242 mu, and blue 
tetrazolium reaction. In the incorporation studies, sev- 
eral samples of H’-cortisol and H’*-corticosterone which 
were synthesized from progesterone-16-H* were further 
characterized after elution from the second chromatogram. 
H?®-cortisol was chromatographed in the E.B system (20), 
then mixed with authentic C-cortisol and the ratio of 
H*: C* determined after further chromatography as the 
monoacetate in the carbon tetrachloride: methanol : water 
and the cyclohexane: dioxane: methanol : water 
system (17). 


system 
The H*-corticosterone was chromatographed 
on the E,B system and its specific activity remeasured. 


RESULTS 


In Figure 1 are represented the pre- and post- 
ACTH stimulation levels of plasma cortisol of 
four patients with Cushing’s syndrome. The pre- 
ACTH levels were abnormally high in L.H., 
M.Me. and T.N. 
sponse to ACTH stimulation in all, although the 


There was an exaggerated re- 


first responses of L.J. were within normal limits 
despite the presence of classical signs of Cushing's 
syndrome, 

In Table I is shown the steroid production by 
adrenal tissue from patients without Cushing's 
syndrome and by the ipsilateral atrophic gland 
of Patient L.J. with the syndrome. The first two 
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rABLE I 


Steroid production by postmortem, ‘‘normal,” 
atrophic and ‘hypertensive’ adrenal glands 


Weight, Steroids* 
ine. 
tissue J E 


Patient Pathology 


mg 
PMft adenoma 1,037 
PM adrenalt 


“‘Normal” 


1,010 
1,661 


Atrophic, plus 
\C 


Lt., hypertension 0.6 


Rt., hypertension 57 0.4 


*F, cortisol; E, cortisone; Aldo, aldosterone; B, corticosterone; S, 
11-deoxycortisol. 

+ PM, postmortem. 

¢ TPN, glucose-6-phosphate and human serun 
cubated for 14 hours. 


added to media 


glands were obtained at autopsy (indicated by 
PM). 
hours after death and maintained at 4° C 


The adrenal tissue was obtained within 3 
until in- 
cubated, approximately 12 hours later. Despite 
the addition of cofactors to gland B no steroids 


Nev- 


ertheless, it is possible that in all the incubation 


could be detected in the incubation media. 


studies with fresh tissue, small amounts of steroids 
present within the glands prior to incubation con- 
tributed to the total quantities found in the incu- 
bation media. The results from the adrenal of 
J.K. represent the pattern of production by “nor- 
Cortisol, 
aldosterone and 11-deoxycortisol were detected. 


mal” tissue. corticosterone, cortisone, 
Cortisol was the major steroid produced and cor- 
ticosterone was the second. An atrophic gland 
Patient L.J. 


duced amounts of steroids within 3 hours com- 


from with Cushing’s syndrome pro- 


parable with those of the “normal” and “hyper- 


TABLE II 


Steroid production by hyperplastic or adenomatous tissue from patients with Cushing's syndrome 


Weight, Steroids Weight, Steroids with ACTH 
ine. inc 
tissue . Aldo tissue 


Patient Pathology 


meg ue/ 2/3 hrs 
1,005 3.3 0 
1,025 4.2 0 
1,845 3S 0 


Rt., hyperplasia 
Lt., hyperplasia 
Adenoma 


Rt., hyperplasia 2,056 5.3 
Lt., hyperplasia 2,482 3.9 


\denoma Ls 5.0 


Adenoma O18 ; 0 


*100 mU ACTH 
+ 1,000 mU ACTH. 
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The addition of ACTH in vitro 


resulted in a twofold increment in cortisol pro- 


(were 
tensive” glands. 


duction. Adrenal tissue from both left and right 
adrenals of Patient E.W. 
tension did not have an excessive rate of aldo- 


with malignant hyper- 


sterone production when expressed as wg per g per 
3 hours. Actually, the atrophic gland had the 
highest production in wg per g per 3 hours. 
Hyperplastic and adenomatous tissue from pa- 
tients with Cushing's syndrome. The results of 
the incubation of hyperplastic and adenomatous 


Table IT. 


glands of 


tissue from these patients are listed in 
Slices from the two large hyperplastic 
LL.H. produced a corticosteroid pattern similar to 
the tissue removed from patients without Cush- 
ing’s syndrome except for the failure to form al- 
The 


much less cortisol and corticosterone per gram of 


dosterone. adenoma, however, produced 


tissue. The adenoma removed from M.Mc. also 
produced only a small amount of cortisol per gram 
However, the adenoma from L.J. had 


of tissue. 
the highest cortisol production per gram of tis- 
sue per 3 hours in this group but made only small 
amounts of corticosterone (F/B ratio 36 to 1) 
and no detectable aldosterone. The hyperplastic 
glands of T.N. were the only tissue which pro- 
duced measurable amounts of aldosterone prior 
to ACTH stimulation. 
increased quantities of cortisol production by the 


Aside from the somewhat 


rABLI 


Total steroid production per 


Normal 
\trophi 


s.. hypertension 
Rt., hypertension 
Rt., hyperplasia 
Lt., hyperplasia 


Adenoma 


Rt., hyperplasia 
Lt., hyperplasia 


L8 \denoma 


M.Me. 


\denoma 
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tissue of T.N. and L.J., the quantities produced 
per gram tissue per 3 hours of incubation of the 
other steroids were not greater than the rate by 
tissue from the patients without Cushing's syn- 
drome. 

The addition of ACTH to the incubation media 
resulted in an increased release of cortisol in every 
The increments in production of 
All three 


adenomas responded to ACTH in vitro; at least 


gland studied. 
other steroids were not so striking. 
two responded im vivo. The response of L.H. 
was difficult to interpret because of the presence 
of the two hyperplastic glands. The adenoma of 
LEi., 


adrenal hyperplasia, was responsive to ACTH 


which was associated also with bilateral 


in vitro and showed nearly a 4-fold increment in 
cortisol and an 11-fold increment in corticosterone 
No aldosterone was detectable in 


release. any 


incubation media of tissue from L.H. The aden- 
oma from L.J. produced only a minimal quantity 
ACTH 


though the ipsilateral atrophic adrenal had the 


of aldosterone after stimulation, even 
highest aldosterone production in pg per g per 3 
hours’ incubation of any tissue. In none of the 
studies with tissue from patients with Cushing’s 
syndrome or from the patient with malignant hy- 
pertension was an excessive amount of aldosterone 
produced per gram of tissue per 3 hours’ incuba- 


tion. 


Il 


gland 


886 956 
608* 1,280 
867 2,413 
35 59: 
21 7 


& 
i 


7 
4 


* This total does not include any corticosterone and 11-deoxycortisol that might have been formed. 


+ 1,000 ml 


ACTH was added to the incubation media. 
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Total steroid production. The total cortico- 
steroid production per gland by all tissues is 
Table III. 


the assumption that the incubated tissue was 
The total pro- 


shown in These results are based on 
representative of the entire gland. 
duction of the most potent glucocorticoid, cortisol, 
by the hyperplastic and adenomatous tissues was 
consistently greater than that of the “normal” and 
atrophic adrenal glands. The total production of 
cortisol by the adrenals from the patient with 
malignant hypertension was in the range of the 
values from the patients with Cushing’s syn- 
drome. 

There was no direct correlation between the 
total pre- and post-ACTH cortisol production in 
vitro with the in vivo pre- and post-ACTH plasma 
cortisol levels. In fact, those patients with the 
highest post-ACTH plasma cortisol levels did 
not always have the highest total cortisol produc- 
tion in vitro. 

The quantity of corticosterone produced by the 
adenoma of L.H. was markedly elevated after in- 
cubation in the presence of ACTH. 
could not be measured by the usual clinical meth- 


Al- 


though all the patients with Cushing’s syndrome 


This steroid 
ods for evaluating adrenocortical function. 


had significant hypertension, little or no aldo- 
sterone per gland was produced. The left adrenal 
of E.W. had the highest basal production of cor- 
ticosterone and 11-deoxycortisol of any gland in- 
cubated. 

In Table 1V are listed 
the incorporation data from incubation of adrenal 


Incorporation studies. 


slices with corticosterone-4-C'* and progesterone- 
16-H?. 


aldosterone were isolated from the media. 


Radioactive cortisol, corticosterone, and 
Radio- 
active and chemical measurements of each com- 
pound were made after the second chroma- 
Although the specific activities of 


progesterone-16-H* and corticosterone-4-C™ sub- 


tography. 


strates were constant with separate slices from the 
same adrenal, they were not constant between 
This 


should not influence the comparison of results 


experiments with different adrenal glands. 


appreciably, since the smallest ratio by weight 
of tissue to substrate was approximately 8,600 to 
1. In order to compare the incorporation results, 
the ratio of the specific activity (SA) of the prod- 
Although 
no correction for chemical losses or the possible 


uct to that of the substrate is expressed. 
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effect of substrate was made, no striking difference 
was observed in the amounts of steroids produced 
per g per 3 hours’ incubation by the different tis- 
(Tables 


There was 


sue slices of each adrenal in the control 
[ and II) and incorporation studies. 
only one exception, with the adenoma from L.]. 
In this experiment, the control studies resulted 
in a higher amount produced per g per 3 hours’ 
incubation (Table Il) than did the incorporation 
studies. As can be seen, similar SA and per cent 
of incorporations resulted when separate slices of 
an adrenal gland were incubated with the same 
precursor. 

Although radiochemical purity has not been 
demonstrated for all the steroids isolated, further 
purification of several samples of cortisol-16-H* 
and corticosterone-16-H* revealed that measure- 
ments of SA after the second chromatogram are 
reasonably valid. 

In Table V 
specific activities of cortisol between the second 
Additon of authentic 


is shown a slight decrease in the 


and third chromatogram. 


C'*-cortisol, followed by acetylation and two 
subsequent chromatographies, showed a further 
removal of minimal amounts of tritium impurities. 
None of these changes, however, is great enough 
to alter significantly the interpretation of the 
results. 

added to several 


samples of corticosterone-16-H®* after the second 


Carrier corticosterone was 
chromatography system; specific activities were 
measured and the samples were processed in a 
Table VI 


that there was very little change in SA between the 


third chromatography system. shows 
two chromatograms. 

Radioactive progesterone was readily incorpo- 
rated into cortisol. Of each 10 pg of cortisol syn- 


thesized, approximately 1 pg came from the 
When corticosterone- 


4-C'* was the substrate, only small amounts of 


progesterone in the media. 


radioactivity were present in the cortisol area of 


the second paper chromatogram. Subsequent 
purification separated most of this radioactivity 
from cortisol. Although there was a higher per- 
centage of incorporation of progesterone into cor- 
tisol than into corticosterone, the SA, and the ra- 
tio of the SA of product to substrate, was greater 
for corticosterone than cortisol. These calcula- 
tions indicate a higher incorporation per micro- 


gram produced. In three of the four incorpora- 
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CORTICOSTEROID RELEASE 


tion studies with adrenal slices from patients with 
Cushing’s 
centage of the progesterone-16-H*® incorporated 


syndrome, there was a greater per- 


into cortisol than by the slices from the “normal” 
adrenal gland. 

A comparison of aldosterone biosynthesis from 
progesterone-16-H® or corticosterone-4-C™, by the 
interest. 

a sub- 


normal and hypertensive tissue, is of 
When corticosterone-4-C™ 
strate, the tissue incorporated a greater percentage 
of the radioactivity into aldosterone and produced 
more aldosterone per gram of tissue; also a higher 


was used as 


ratio of SA of product to substrate was observed. 
However, when progesterone-16-H*® was the sub- 
strate, the SA of the radioactive aldosterone pro- 


duced was 72 per cent of the SA of the cortico- 


TABLE V 


Purification of cortisol-16-H®* synthesized 
from progesterone-16-H® 


Specific activity 
System 5. ma F 
Toluene :propylene :glycolt uc/me 


Bush-C 18.3 16.8 
E.B 14.0 5.3 


14.3 
13.6 


Addition of authentic 
C'*-cortisol 


Ratio H#:C 


Before acetylation 5.84 5.10 


Acetylation 
Carbon tetrachloride: 5.34 
methanol: water (4:4:1) 
Cyclohexane: dioxane: 
methanol: water 
(4:4:2:1) 


and the specific activities indi- 
cate which of the samples listed in Table IV underwent 
the further purification. 


“tntiais 7.%., L:1., £.J.- 


t Specific activity was not measured after the first 


chromatography system. 


TABLE VI 
Purification of corticosterone-16-H®* synthesized 
from progesterone-16-H®* * 
Specific activity 


L.H. 
(Adenoma) 


Toluene :propylene :glycol 
Cyclohexane :dioxane : 
methanol :water (4:4:2:1) 


EB 


* See footnotes to Table V. 
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TABLE VII 


Ratios of cortisol to corticosterone in relation to micrograms 
produced and per cent incorporation after incubation of 
adrenal slices with H*-progesterone * 


Cortisol :corticosterone 


ug or) ed 
Normal (J.K.) 3.2 
Hyperplasia (L.H.) a 
Adenoma (L.H.) 8.5 
Adenoma (L.J.) 12 


Table IV. 


* Data calculated from results in 
sterone-16-H* produced. The results from the 
tissue of patients with Cushing’s syndrome are 
difficult to interpret. Although radioactivity was 


found in the aldosterone area, insufficient aldo- 
sterone was produced for chemical measurement. 
Thus, specific activities could not be calculated 
or compared with the normal and hypertensive 
tissue. 

In Table VII are listed the 
corticosterone in relation to micrograms produced 


after 


ratios of cortisol: 


and per cent incorporation incubation of 
These 
data in 


each experiment the ratio of the 


adrenal slices with progesterone-16-H° 


results have been calculated from the 
Table IV. In 
micrograms produced 


of the per cent incorporation or, in other words, 


is much greater than that 


the specific activity of the cortisol is less than the 


specific activity of corticosterone. 


DISCUSSION 


In the present study with human adrenal slices, 


cortisol, corticosterone, cortisone, 11-deoxycorti- 


sol and, some instances, aldosterone were de- 


tected 
compounds has been detected 


in the incubation media. Each of these 


human adrenal 
vein blood in roughly the proportions present in 
media, aldosterone. 


the incubation except for 


The proportion of aldosterone is generally much 
media, 


21-23 


incubation 
blood (8, 
corporation of radioactive precursors, response to 


higher in adrenal compared 


with adrenal vein 3). The in- 


ACTH, and failure of postmortem glands to pro- 


duce steroids are evidence for active synthesis 


and release, and not merely leaching of preformed 
steroids from the tissue, although it 
that 


the tissues prior to incubation. 


is probable 
were present in 
Neher (24) found 


1.5 to 3.9 pg of cortisol per g of tissue after ho- 


small amounts of steroids 
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mogenization and extraction of the entire gland; 
these four normal human adrenals were removed 
1 to 2 hours post mortem. Small amounts of cor- 
tisone, corticosterone and barely detectable quan- 
tities of aldosterone were also found. Neher also 
noted that two adrenal glands removed from a 
subject 12 hours after suicide contained barely 


detectable quantities of steroids. Since approxi- 


mately 1 g of autopsy adrenal tissue slices was 
incubated in the present study, it does not seem 
likely that 
quantities of preformed steroids would be ex- 
Dyrenfurth, 


measurable amounts of the small 
tracted by mere incubation in buffer. 
Lucis, Beck and Venning (11) have shown a 
rough correlation between the excretion of urinary 
steroids and the in vitro production of steroids by 
adrenal slices from patients with Cushing’s syn- 
This technique therefore appears to be 
The 


limited availability of normal and even “hyper- 


drome. 
valid for studying adrenocortical function. 
tensive” adrenals, however, restricts the com- 
parison of the results of “Cushingoid” tissue with 
rates of secretion 


other tissue. Moreover, the 


in vitro calculated for 24 hours are much less 
than those reported im vivo (25). 

The rates of production of cortisol, cortisone 
and corticosterone by the adrenal slices per gram 
tissue per 3 hours’ incubation from the patients 
with Cushing’s syndrome are in agreement with 
those of Dyrenfurth and co-workers (11), al- 
though these investigators found slightly more 
aldosterone. The results of Bailey, Slade, Lieber- 
man and Luetscher (10) corroborate the present 
finding of little or no aldosterone produced in 
vitro by adrenals from patients with Cushing’s 
syndrome. 

Pattern, rate and total steroid production. No 
striking difference in the basal pattern of steroid 
production by the “normal,” atrophic and hyper- 
tensive tissue was noted except that the adrenal 
tissue from three of the four patients with Cush- 
ing’s syndrome produced little or no aldosterone. 
All were hypertensive but none had derangement 
This 


incubation 


of serum electrolytes. failure to measure 


aldosterone in the media of several 
glands may have been due to the small amount 
of tissue incubated and the losses incurred during 
SD recovery of 

Although 


consistently 


cent 
3): 
(11) 


purification (mean 
added 
Dyrenfurth 


per 
H*-aldosterone = 58 


and colleagues 


PATRICK J. MULROW AND GEORGE lL. 
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found small amounts of aldosterone in the incu- 
bation media of adrenal tissue from patients with 
Cushing’s syndrome, most of the glands they 
studied were within normal size by weight. Pos- 
sibly these glands had less hyperplasia of the zona 
fasciculata and therefore more zona glomerulosa 
per gram of tissue. Nevertheless, our observa- 
tion of minimal or absent aldosterone is consistent 
with the small area of zona glomerulosa that was 
seen histologically and is consistent with the find- 
ings of Bailey and co-workers (10). The zona 
glomerulosa has been reported to be the site of 
aldosterone production in the ox and rat (13, 14). 
However, even in normal subjects the zona glo- 
merulosa is not always morphologically distinct 
(26). The hypertension in the patients with 
Cushing’s syndrome cannot be attributed to ex- 
cessive aldosterone or excessive deoxycorticoster- 
one, since none of the latter was detected by ul- 
traviolet scanning. The hypertension of these 
patients with Cushing’s syndrome, therefore, may 
be due to the action of steroids other than mineral- 
ocorticoids. However, Dyrenfurth and colleagues 
reported a direct correlation between the severity 
of hypertension and the percentage of aldosterone 
of the total steroid production; yet there was a 
poor correlation when the aldosterone per gland 
or the rate of aldosterone production in micro- 
grams per gram per hour was used as an index. 

Comparison of steroid production per gram 
of tissue per 3 hours of incubation illustrates that 
the production rates were about the same for tis- 
sue from patients with or without Cushing’s syn- 
drome except for the two adenomas which had 
much lower production rates. However, calcu- 
lation of the total production of cortisol, the most 


potent of the glucocorticoids, per gland indicated 


that the tissue from the patients with Cushing’s 
syndrome produced more steroid than “normal” 
and atrophic tissue chiefly because the total adrenal 


This corroborates results of 


Symington and co-workers (2), who found that 


mass was larger. 


adrenal homogenates from patients with Cushing’s 
syndrome had no greater 118 hydroxylating ac- 
tivity per unit weight than had homogenates of 
normal tissue, and those of Bailey and colleagues 
(10) who reported no increased rate of produc- 
tion per unit weight by hyperplastic adrenals. 
These observations must not apply to all adrenal 


tissue of Cushing patients, since this syndrome 
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may be associated with normal-sized glands, in 
which cases there may be a greater rate of produc- 
tion per unit weight or persistent steroid secre- 
tion without diurnal variation, as has been re- 
ported in some cases of Cushing’s syndrome with 
adrenal hyperplasia (27). Dyrenfurth and asso- 
ciates (11) actually studied the in vitro production 
by normal-sized adrenals from patients with Cush- 
ing’s syndrome and did not find an excessive rate 
of production per gram. 
are the results of the adrenal slice incubation from 
Al- 
though the production in micrograms per gram per 


Of particular interest 
the patient with malignant hypertension. 


3 hours of all steroids is not high, the total quan- 
tity of cortisol produced falls into the production 
range of the patients with Cushing’s syndrome. 
Moreover, the total quantity of aldosterone pro- 
duced is much greater than the “normal” and 
atrophic tissue. Both of these findings are due 
to the large size of the glands. Although meas- 
urement of this patient’s aldosterone excretion in 
one 24-hour urine specimen was only 3 yg, it has 
(28) 
that patients with malignant hypertension gener- 


been shown by Laragh and co-workers 


ally have an increased rate of aldosterone secre- 
tion. Several workers (29-32) have shown that 
increase in aldosterone 
One of the present 


authors (32) has shown that in the hypophysec- 


angiotensin causes an 


production in man and dog. 


tomized dog angiotensin increased aldosterone and, 
to a lesser extent, glucocorticoid secretion. Since 
there are some reports that adrenal glands are 
enlarged in severe hypertension, it is intriguing 
to speculate that angiotensin not only increases 
the endogenous secretion but also causes growth 
of the glands. 

All tissue from the Cushing patients, including 
the atrophic adrenal and the three adenomas, re- 
sponded to ACTH in vitro. 
adenomas is further evidence against the use of 


The response of the 


an ACTH test clinically to distinguish between 
fact, the 
adenomas associated with adrenal atrophy showed 


adenomas and hyperplasia. In two 
a significant increment in plasma cortisol after 
ACTH im vivo. 
with 


The single 32-gram adenoma 


associated bilateral adrenal hyperplasia 
showed a marked increment in corticosterone pro- 
duction when stimulated by ACTH. Dorfman 
(33) has also described large amounts of corti- 


costerone synthesized by an adrenal adenoma in 
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vitro. The role of corticosterone in the patho- 
genesis of the symptoms of Patient L.H. is not 
obvious. Although corticosterone alone is not a 
potent gluco- or mineralocorticoid, it may have 
synergistic effects with other steroids. Jn vitro 
studies have shown that some tumors from patients 
with Conn’s syndrome produce significant quan- 
tities of corticosterone as well as aldosterone (10, 
34). (35) 


that corticosterone enhances the potassium-losing 


Moreover, Ross has demonstrated 
effect of aldosterone in man. 

Incorporation studies. In both normal and ab- 
normal tissue a larger percentage of progesterone- 
16-H?® is incorporated into cortisol than into corti- 
costerone. The specific activity of the cortico- 
sterone, however, is higher. As is shown in Table 
VII, the ratios in micrograms produced of cor- 


tisol to corticosterone are much greater than the 


ratios of the percentage of incorporation of pro- 


gesterone-16-H*. This is surprising since, if 
progesterone were the common substrate for bio- 
synthesis of cortisol and corticosterone, the two 
ratios should be similar. This finding is sup- 
ported by the data of Eichhorn and Hechter (36, 
37) which showed that incubation of radioactive 
progesterone with bovine adrenocortical homoge- 
nates in various media yielded corticosterone 
with a higher specific activity than cortisol, re- 
gardless of the relative quantities of steroid pro- 
duced, while incubation with C**-cholesterol al- 
ways produced cortisol with a higher SA than cor- 
ticosterone. Moreover, Berliner, Berliner and 
Dougherty (7) found that a greater percentage 
of C**-progesterone was incorporated in vitro 
into corticosterone than into cortisol by adrenal 
tissue from patients with mammary carcinoma 
and Cushing’s syndrome, even though more corti- 
sol than corticosterone was actually produced. 
There are numerous possible explanations for 
chemical and 


such discrepancies between the 


radioactive ratios. They have been adequately 
discussed by Ayres and co-workers (38) in rela- 
tion to the role of progesterone and corticosterone 
as precursors for aldosterone. Certain of these 
possibilities appear unlikely, in view of the present 
and other studies with human adrenal tissue. 

It is unlikely that sufficient cortisol is formed 
prior to the incubation to dilute the cortisol syn- 
thesized from radioactive progesterone, since in- 
cubation of autopsy adrenal tissue failed to re- 
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lease cortisol. Moreover, exhaustive extraction of 
normal and hyperfunctioning adrenal tissue by 
Neher (24) 


gram of tissue than was released into the incuba- 


resulted in much less cortisol per 
tion media by a gram of adrenal in the present 
study. Nor is it likely that the rates of produc- 
tion of either cortisol or corticosterone changed 
significantly during the incubation period, since 
both Dyrenfurth (11) and Cooper (8) and their 
co-workers demonstrated that rates remained con- 
stant over several hours of incubation. Possible 
explanations, such as greater dilution of the radio- 
active progesterone products by a larger pool of 
intermediates in the cortisol biosynthetic pathway 
than in the corticosterone pathway, and differences 
in the rates of access of the substrate, radioactive 
to the different 


volved in cortisol and corticosterone synthesis 


progesterone, enzyme sites in- 


(37), cannot be excluded. However, a distinct 
possibility is that a portion of cortisol is synthe- 
sized by alternate pathways(s) which bypass 
progesterone. 

Recently Weliky (39) reported that 17a-OQH- 
pregnenolone is incorporated into cortisol by sheep 
adrenal tissue im vitro.2 This supports the possi- 
bility that a certain amount of cortisol is produced 
by an additional pathway(s) which does not re- 
quire progesterone, since 17a-hydroxy-pregneno- 
lone is not a precursor for progesterone (40). 

These incorporation studies with human adrenal 
slices confirm the observations reported with bo- 
vine adrenal tissue that prior hydroxylations at 


the 11- 


hydroxylation at the 17-carbon atom (36, 41). 


and 21l-carbon atoms prevent subsequent 


The data substantiate this observation for abnor- 


mal human tissue as well, since incubation with 


corticosterone-4-C'* of adrenal slices from the 


patients with Cushing’s syndrome resulted in very 
little 
second paper chromatogram, and most of this 


radioactivity in the cortisol area after the 


radioactivity is separated from cortisol by a third 
chromatogram. These results differ from a pre- 
liminary report of the authors which mentioned 


4 


that a small amount of corticosterone-4-C'* was 


incorporated into cortisol (42). 


2 Recently we have found this to hold true with human 


adrenal tissue also. Slices of a hyperplastic adrenal in- 


corporated 17a-OH-pregnenolone-H® into cortisol. Since 


unequivocal demonstration of radiochemical purity is 


still in progress, these results will be reported later. 
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Studies of aldosterone biosynthesis have yielded 
conflicting results regarding the most efficient pre- 
cursor for aldosterone: corticosterone or 
terone (38, 43-46). 
thors with human adrenal slices from patients 


pre ves- 


Previous studies by the au- 


with carcinoma of breast indicated that 1 to 3 per 
cent of the precursor C**-corticosterone was in- 
corporated into aldosterone (47). In the present 
incorporation experiments, only the adrenal slices 
from patients without Cushing’s syndrome syn- 
sufficient aldosterone to be measured 
chemically. Table V 
0.51 per cent of the C'*-corticosterone substrate 


thesized 
In it is shown that 0.56 and 
was incorporated into aldosterone, while 0.21 per 
cent of progesterone-16-H®* was incorporated. The 
ratios of SA aldosterone/SA substrate were also 
higher in the C'-corticosterone incubation ex- 
periments. However, in the progesterone experi- 
ment the SA aldosterone-16-H* isolated from the 
incubation media was 72 per cent of the cortico- 
sterone-16-H*, suggesting that the main pathway 
for aldosterone synthesis from progesterone is 
This 


agreement with the findings of Ayres and associ- 


through corticosterone. observation is in 


ates (38). The failure to demonstrate identical 
specific activities of aldosterone and corticosterone 
might be explained by dilution with nonisotopic 
aldosterone formed prior to complete equilibration 
of H*-progesterone with the precursor pool or by 
synthesis of aldosterone via a pathway from pro- 


gesterone which bypasses corticosterone (38). 


SUMMARY 


Production of corticosteroids by adrenal slices 
from one patient with mild hypertension, one 
with malignant hypertension, and four with Cush- 
ing’s syndrome was studied in vitro. The adrenal 
slices produced cortisol, cortisone, corticosterone, 
11-deoxycortisol, and aldosterone; responded to 
ACTH stimulation; and incorporated radioactive 
precursors into biological compounds. Rates of 
the 
“atrophic” and ‘“Cushingoid” tissue expressed as 


production by “normal,” “hypertensive,” 
micrograms per gram per 3 hours did not differ 
strikingly except for two adenomas which had re- 
duced rates of production. However, because of 
their larger size, the total production per gland 
was greater for the hyperplastic and adenomatous 


tissue. The total production by the adrenals from 
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the patient with malignant hypertension fell into 
the range of the latter groups. Incubation of 
adrenal glands obtained post mortem released no 
steroids into the media, despite the addition of co- 
factors. 

The incorporation studies with progesterone- 
16-H* as the precursor suggest that a portion of 
cortisol is synthesized by a pathway which cir- 


cumvents progesterone. The major pathway for 


aldosterone biosynthesis is through corticosterone, 
although an alternative pathway was not ex- 
cluded. 


ACKNOWLEDGMENTS 


The authors wish to express their thanks to Mr. Albert 
Kuljian, Mr. Walter Herniak and Miss Patricia Tomassi 
for technical assistance; to Dr. Mark Hayes for his 
cooperation and interest; and to Dr. Philip K. Bondy for 


his advice and encouragement. 


REFERENCES 


Soffer, L. J., Eisenberg, J., Iannaccone, A., and 
Gabrilone, J. L. Cushing’s syndrome m The Hu- 
man Adrenal Cortex. Ciba Found. Coll. Endocr. 
1955, 8, 487. 

Symington, T., Currie, A. R., O'Donnell, V. J., Grant, 
J. K., Oastler, E. G., and Whyte, W. G. Hyper- 
plasia and tumors of the human adrenal cortex: 
Histology, enzymic changes and corticoid produc- 
tion. Ciba Found. Coll. Endocr. 1958, 12, 102. 

Karsner, H. T. Tumors of the Adrenal. Sect. VIII, 
Fasc. 29. Atlas of Tumor Pathology. Washing- 
ton, D. C., Armed Forces Inst. of Pathology, 1950. 

Heard, R. D. H., Bligh, E. G., Cann, M. C., Jellinck, 
P. H., O’Donnell, V. J., Rao, B. G., and Webb, J. L. 
Biogenesis of the sterols and the steroid hormones. 
Recent Progr. Hormone Res. 1956, 12, 45. 

Lombardo, M. E., Hoitman, E., and Hudson, P. B. 
Conversion of progesterone, 17-a-hydroxyproges- 
terone and 11-deoxycortisol to cortisol by the hu- 
man adrenal gland in vitro. J. clin. Endocr. 1956, 
16, 1283. 

. Grant, J. K., Symington, T., and Duguid, W. P. Ef- 
fect of adrenocorticotropic therapy on the in witro 
118-hydroxylation of desoxycorticosterone by hu- 
man adrenal homogenates. J. clin. Endocr. 1957, 
17, 933. 

Berliner, M. L., Berliner, D. L., and Dougherty, 
T. F. Metabolism of progesterone by adrenal tis- 
sue from patients with Cushing’s syndrome and 
mammary carcinoma. J. clin. Endocr. 1958, 18, 
109, 

§. Cooper, D. Y., Touchstone, J. C., Roberts, J. M., 
Blakemore, W. S., and Rosenthal, O. Steroid 
formation by adrenal tissue from hypertensives. 
J. clin. Invest. 1958, 37, 1524. 


Zongiovanni, A. M. Jn vitro hydroxylation of ster- 
oids by whole adrenal homogenates of beef, nor- 
mal man, and patients with the adrenogenital syn- 
drome. J. clin. Invest. 1958, 37, 1342. 

Jailey, R. E., Slade, C. I., Lieberman, A. H., and 
Luetscher, J. A., Jr. Steroid production by human 
adrenal adenomata and nontumorous adrenal tis- 
sue in vitro. J. clin. Endocr. 1960, 20, 457. 

Dyrenfurth, I., Lucis, O. J., Beck, J. C., and Venning, 
E. H. Studies in patients with adrenocortical hy- 
perfunction. III. /n vitro secretion of steroids by 
human adrenal glands. J. clin. Endocr. 1960, 20, 


7O9. 


. Saffran, M., and Bayliss, M. J. Jn witro bioassay 


of corticotrophin. Endocrinology 1953, 52, 140. 


. Giroud, C. J. P., Stachenko, J., and Venning, E. H. 


Secretion of aldosterone by the zona glomerulosa 
of rat adrenal glands incubated in vitro. Proc. 
Soc. exp. Biol. (N. Y.) 1956, 92, 154. 


. Ayres, P. J., Gould, R. P., Simpson, S. A., and Tait, 


J. F. The in vitro demonstration of differential 
corticosteroid production within the ox adrenal 
gland (abstract). Biochem. J. 1956, 63, 19P. 


. Burton, R. B., Zaffaroni, A., and Keutmann, E. H. 


Paper chromatography of steroids. II. Cortico- 
steroids and related substances. J. biol. Chem. 
1951, 188, 763. 

Bush, I. E. Methods of paper chromatography of 
steroids applicable to study of steroids in mam- 
malian bloods and tissues. Biochem. J. 1952, 50, 
370. 

Kliman, B., and Peterson, R. E. Double isotope 
derivative assay of aldosterone in biological ex- 
tracts. J. biol. Chem. 1960, 235, 1639. 

Abelson, D., and Bondy, P. K. Fluorometric de- 
termination of A‘-3-ketosteroids. Arch. Biochem. 
1955, 57, 208. 

Mulrow, P. J. Unpublished observations. 

Eberlein, W. R., and Bongiovanni, A. M. New sol- 
vent systems for the resolution of corticosteroids 
by paper chromatography. Arch. Biochem. 1955, 
59, 90. 

Romanoff, E. B., Hudson, P., and Pincus, G.  Iso- 
lation of hydrocortisone and corticosterone from 
human adrenal vein blood. J. clin. Endocr. 1953, 


13, 1546. 


2. Touchstone, J. C., Cooper, D. Y., and Blakemore, 


W. S. Identification of substance S in human 
adrenal venous blood. J. clin. Endocr. 1959, 19, 
812. 

Moran, W. H., and Zimmermann, B. Aldosterone 
secretion measured during adrenal vein cannula- 
tion in humans. Program of Forty-second Meet 
ing of Endocrine Soc., June, 1960, p. 15. 

Neher, R. Aldosterone and other adrenocortical 
hormones in human adrenals and adrenal tumours 
it An International Symposium on Aldosterone, 
A. F. Muller and C. M. O’Connor, Eds. Boston 
Little, Brown, 1958, p. 11. 





1262 


26. 


PATRICK J 


Cope, C. L., and Black, E. The production rate of 
cortisol in man. Brit. med. J. 1958, 1, 1020, 
Gelfman, N. A., Mulrow, P. J., and Yesner, R. A 


comparison of adrenocortical morphology and the 


clinical syndromes of autopsied patients. Clin. Res 
1960, 8, 240. 
Doe, R. P., Vennes, J. A., and Flink, E. B. 
acs 


variation of 17-hydroxycorticosteroids, sodium, po- 


Diurnal 


tassium, magnesium and creatinine in normal sub- 
jects and in cases of treated adrenal insufficiency 
and Cushing's syndrome. J. clin. Endocr. 1960, 20, 
266. 

Laragh, J. H., Ulick, S., Januszewicz, V., Deming, 
Q. B., Kelly, W. G., and Lieberman, S$.  Aldo- 
sterone secretion and primary and malignant hy- 
pertension. J. clin. Invest. 1960, 39, 1091. 

Genest, J., Koiw, E., Nowaczynski, W., and Sandor, 
T. Study of urinary adrenocortical hormones in 

Advanced Abstracts 

International 


human arterial hypertension. 
of Short 


Congr. of Endocrinology, Copenhagen, July, 1960, 


Communications, First 


p. 173 
Laragh, J. H., Angers, M., Kelly, W. G., 


Hypotensive agents and pressor sub- 


and Lieber- 
man, S. 
stances: The effect of epinephrine, norepinephrine, 
angiotensin IJ, and others on the secretory rate of 
aldosterone in man. J. Amer. med. Ass. 1960, 174, 
234. 
Davis, J. 
Conference, 1960. 
Mulrow, P. J., 
aldosterone secretion by angiotensin II—A _ pre- 
liminary report. Yale J. Biol. Med. 1961, 33, 386. 
3iosynthesis of steroids in hyperac- 


Proceedings of the Laurentian Hormone 


and Ganong, W. F. Stimulation of 


Dorfman, R. I. 
tive and tumour-bearing human glands. Ciba 
Found. Coll. Endocr. 1958, 12, 62. 

Ayres, P. sat, S. A. S., and Tait, 


J. F. Primary aldosteronism (Conn’s syndrome) 


J., Garrod, O., 


in An International Symposium on Aldosterone, 
A. F. Muller and C. M. O'Connor, Eds. 
Little, Brown, 1958, p. 143. 

Ross, E. J. 


on electrolyte excretion in man by 


3oston, 


Modification of the effects of aldosterone 
simultaneous 


MULROW AND GEORGE L 


COHN 


administration of corticosterone and hydrocorti 

sone. Relevance to Conn's syndrome. J. clin. 

Endocr. 1960, 20, 229. 
Eichhorn, J., and Hechter, O. Status of deoxycorti- 
costerone as intermediary in the biosynthesis of 
cortisol. Proc. Soc. exp. Biol. (N. Y.) 1957, 95, 


311. 
Eichhorn, J., and Hechter, O. 


The unequal incorpo- 


* into corticosterone 


ration of tracer progesterone-( 

and cortisol synthesized by homogenates of bovine 

adrenal cortex. Arch. Biochem. 1959, 84, 196. 
Ayres, P. J., Eichhorn, J., Hechter, O., Saba, N., 

Tait, J. F., and Tait, S. A. S. Some studies on 

the biosynthesis of aldosterone and other adrenal 
Acta endocr. (Kbh.) 1960, 33, 27. 


Personal communication. 


steroids. 
Weliky, J. 
Vande Wiele, R., and Lieberman, S. The Metabo- 
lism of Dehydroandrosterone in Biological Activi- 
ties of Steroids in Relation to Cancer. New York, 
Academic Press, 1960, p. 93. 

Hechter, O., and Pincus, G. Genesis of adreno- 
cortical secretion. Physiol. Rev. 1954, 34, 459. 
Mulrow, P. J., and Cohn, G. L. 
thesis and release by human adrenal slices (ab- 

stract). J. clin. Invest. 1959, 38, 1028. 
Kahnt, F. W., Neher, R., and Wettstein, A. Um- 
wandlung von radioaktivem Cortexon in Aldo- 


Corticosteroid syn- 


steron durch Nebennieren-Enzyme. Experientia 
(Basel) 1955, 11, 446. 

Rosenberg, E., Rosenfeld, G., Ungar, R., and Dorf- 

Conversion of steroids to aldosterone- 
like material. Endocrinology 1956, 58, 708. 

Ayres, P. J., Hechter, O., Saba, N., Simpson, S. A. S., 
and Tait, J. F. Intermediates in the biosynthesis 
of aldosterone by capsule strippings of ox adrenal 

195/, G5, 22P. 


In vitro biosyn- 


man, R. I. 


gland (abstract). Biochem. J 


Travis, R. H., and Farrell, G. L. 
thesis of isotopic aldosterone : Comparison of pre- 
cursors. Endocrinology 1958, 63, 882. 

Mulrow, P. J., and Cohn, G. L. 
ticosterone-4-C™ to aldosterone by human adrenal 
slices. Proc. Soc. exp. Biol. (N. Y.) 1959, 101, 


731. 


Conversion of cor- 





THE METABOLISM OF VARIOUSLY C'%-LABELED GLUCOSE IN 
MAN AND AN ESTIMATION OF THE EXTENT OF GLUCOSE 
METABOLISM BY THE HEXOSE MONOPHOSPHATE 
PATHWAY 


By STANTON SEGAL, MONES BERMAN anp ALBERTA BLAIR 


(From the Clinical Endocrinology Branch and the Office of Mathematical Research, National 
Institute of Arthritis and Metabolic Diseases, Bethesda, Md.) 


(Submitted for publication December 6, 1960; accepted March 9, 1961) 


Studies of glucose metabolism utilizing radio- 
active glucose have been reported in several ani- 
mal species (1-3) including normal and diabetic 
man (4-6). 
has been glucose with the C'* uniformly distrib- 
From the 


In these studies the tracer employed 


uted throughout the six carbon atoms. 
reactions of glucose catabolism in the Embden- 
Meyerhof pathway, Krebs’ tricarboxylic acid cycle 
and the hexose monophosphate pathway, it is ap- 
parent that the individual carbon atoms of glucose 
may have different rates of oxidation to carbon 
dioxide as well as different metabolic fates in the 
body. Previous studies (7, 8) of ribose metabo- 
lism have shown that the hexose monophosphate 
pathway exists in man. 

The studies reported here have been performed 
with glucose labeled with C** located in specific 
carbon atoms, in order to ascertain differences in 
metabolism of individual parts of the sugar. From 
the results obtained an attempt is made to quanti- 
tate in man the extent of glucose metabolism via 
the hexose monophosphate pathway. 


METHODS 


Three normal male and one female volunteer, aged 18 
to 21 years, served as subjects for these experiments. 
All were maintained on a diet containing 300 g of carbo- 
hydrate and were fasted overnight prior to and through- 
out the performance of the study. An intravenous glu- 
tolerance test performed according to Amatuzio, 
Stutzman, Vanderbilt and Nesbitt (9) 
glucose tolerance in all of the subjects. 

Glucose-1-C™, specific activity (SA) 2.67 uc per mg, 
and glucose-2-C™%, SA 5.56 uc per mg, were purchased 
from the Volk Radiochemical Co.; glucose-U-C“%, SA 
2.06 uc per mg, from Nuclear Chicago; and glucose-6-C™, 
SA 2.8 uc per mg, from Dr. H. Isbell of the National Bu- 
These sugars were converted to glu- 


cose 


revealed normal 


reau of Standards. 
conate and degraded by periodate to isolate C-1 and C-6. 
Virtually all of the label of glucose-1-C™ and glucose-6- 


C™ was in C-1 and C-6, respectively. No activity was 


found in the C-1 or C-6 of glucose-2-C™. C-1 and C-6 
of glucose-U-C™ each contained approximately 20 per cent 
of the total radioactivity. The glucose-1-C™ and glu- 
cose-6-C were chromatographically pure. To be ab- 
solutely certain that the glucose-1-C™% contained no glu- 
conate which might be more rapidly metabolized than 
glucose, a known amount of the sugar was oxidized in 
the presence of potassium gluconate with periodate, and 
the CO, formed was trapped and counted as stated be- 
low. No radioactivity was liberated in this procedure. 
Since CO, is released from C-1 of gluconate and not 
glucose, the results of the procedure indicate that the 
starting glucose-1-C™ was free of gluconate-1-C™. So- 
dium bicarbonate C**, 11.9 wc per mg, was obtained from 
Nuclear Chicago. All C™ solutions were prepared by 
the radiopharmacy of the National Institutes of Health 
and found sterile and pyrogen-free prior to use. 

The labeled glucose, dissolved in normal saline, ap- 
proximately 1 uc per ml, was injected rapidly into an 
antecubital vein. Subjects C.K. and C.B., both male, 
each received 9.8 uc and 9.3 ue of C-1- and C-6-labeled 


glucose, respectively. Subject R.S., a male and A.H., 


a female, each received 5 wg of C-1, C-2, C-6 and uni- 


formly labeled glucose. Expired CO, was collected in 
Douglas bags for 5- or 10-minute periods at various in- 
tervals for 6 hours, and blood was drawn for determina- 
tion of the specific activity of glucose and for isolation of 
Studies 


intervals. 


serum lipid. Urine was collected for 24 hours. 


were performed at approximately monthly 
After such time-intervals no C“ derived from the previous 
study was detectable in expired air or blood glucose. In 
Subject C.B. the excretion of C™“%O, in expired air was 
determined after the intravenous injection of 0.64 uc 
NaHC*O, dissolved in 1 ml of normal saline. 

The 
samples were performed by the method of 
and Ono (10) 


(Packard Co., La Grange, Ill.) counting at 53 per cent 


counting of 
Fredrickson 


determination of CO. content and 


with a liquid scintillation spectrometer 
efficiency. Blood glucose was isolated as potassium glu- 
conate by the method of Blair and Segal (11). Gluconate 
was degraded by oxidation with periodate (12) to obtain 
C-1 as CO, and C-6 as formaldehyde which was con- 
CO 


The resulting 


verted to the dimedon derivative. derived from 
C-1 was trapped in Ba(OH).. 3aCO 
then acidified and the liberated CO. diffused into Hya- 


The 


Was 


mine base (13) and counted as described above. 
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C-6 counted 


determination of 


formaldehyde dimedon representing was 


directly in a toluene phosphor. For 
total specific activity, the isolated gluconate was oxi 
The CO. was 


3aCQO, which was processed for counting 


dized to CO, by a wet combustion (14). 
collected as 
as described above. Urine was assayed directly for C™ 
(15). 
glucose oxidase method employing the glucostat reagent.! 


as described Blood glucose was determined by a 
Simultaneous determination of blood and plasma glucose 
revealed plasma glucose concentration to be 10 per cent 
than blood. 
of specific activity of blood and plasma glucose on several 


higher whole Simultaneous determination 
samples revealed no significant difference, and therefore 
whole blood glucose was routinely isolated. 

Serum lipids were extracted in the following manner 
Serum was lyophilized, the residue redissolved in a mini- 
mal amount of water and injected into 24 vol of chloro- 
form-methanol (2:1). After this 


lowed to stand 1 hour at room temperature; 5 ml of wa- 


shaking, was al- 
ter per 1 ml of original water-serum solution was added 
and this was permitted to stand overnight. An aliquot 


1 Worthington Biochemical Corp., Freehold, N. J 


BERMAN AND 


ALBERTA BLAIR 

of the chloroform layer was evaporated to dryness under 
nitrogen; the residue was dissolved in toluene phosphor 
and counted. 

In the study of glucose oxidation by blood, 2 ml of 
heparinized whole blood immediately after venipuncture 
was transferred to a modified Warburg vessel containing 
The 


was gassed for 30 seconds with a 95 per cent O., 5 per 


0.3 wc of glucose-1-C™% in 20 wl of water. vessel 
cent CO, mixture, sealed, and incubated for various times 
in a Dubnoff shaker at 37° C. At the end of the incuba- 
tion, Hyamine was added to the center well and the reac- 
tion was stopped by addition of 0.3 ml of 6 N H,SO, to 
the blood, thereby liberating CO, The CO, was dif- 
fused into the Hyamine by shaking the flasks for 45 min- 
utes. The vessels were then opened and the Hyamine 
placed in phosphor for scintillation counting. 


RESULTS 


C*4-carbon dioxide excretion. The specific ac- 
tivity curves of expired CO, after administration 


of glucose-1 and 6-C** to Subjects C.K. and C.B. 
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are shown in Figure 1. In these studies the ex- 
pired air was continuously collected for 5- or 10- 
minute intervals up to 120 minutes, with subse- 
quent collection of single samples. The points 
are plotted in the midpoint of each collection pe- 
riod. It is seen that after the administration of 
glucose-6-C'* there is a lag period of several 
minutes before a linear increase in specific ac- 
tivity occurs. After glucose-1-C'™ injection, the 
CO, specific activity immediately increases without 
a lag phase. The peak specific activity after the 
C-1-labeled sugar is injected is earlier in time than 
that after C-6 in three of the four subjects. Since 
the CO, specific activity curve after glucose- 
6-C"* is displaced by an initial lag, it is quite evi- 
dent that ratios of specific activity of CO, de- 
rived from the labeled sugars at any given time 
cannot be used to estimate differences in the meta- 
bolic fates of glucose-1-C™ and glucose-6-C™, 


EXPIRED CQO, IN SusByects R.S. AND 


ACB: 


VARIOUS C™-LABELED GLUCOSE. 


Figure 2 shows the specific activity curves of ex- 
pired CO, in Subjects R.S. and A.H. after in- 
? 


jections of 5 pg of C-1, C-2, C-6 and uniformly 


labeled glucose. In these subjects sample col- 
lections were made at 10-minute intervals for 4 
hours in order to obtain more accurate delineation 
of the curves after 2 hours than was obtained in 
the subjects shown in Figure 1. It is clear that 
uniformly labeled glucose gives rise to faster and 
more extensive labeling of CO, than does any of 
The 


tween the C-1 and C-6 excretion curves are very 


the singly labeled sugars. differences be- 
similar to those of studies shown in Figure 1. 
Of unusual interest are the curves of specific ac- 
tivity of CO, derived from glucose-2-C™. In 


hoth cases the curve parallels that derived from 


uniformly labeled glucose and has an earlier peak 
C-6 


activity than that obtained from C-1- and 


labeled glucose. 
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TABLE I 


COz excretion after C'*-glucose injection 


Position 
“M4 


Blood* 
glucose 


adm. 
Subject glucose COct 
mmoles /min 


13. 
14. 


mg % 
69 
70 


C.K. 
72 kg 
67 
59 


Ces. 
71 kg 


Js) *) ~~! 
sh sw 


~ 
wn 


A.H. 
60 kg 


™~ 


68 


* Average of from 4 to 10 samples over a 
t Average of 14 to 18 samples. 


Table I shows the rate of CO, output in milli- 
moles per minute in each of the above studies. 
This value is remarkably constant in a given indi- 
vidual. Table I also reveals the cumulative C™O, 


expired at hourly intervals up to 5 hours, ex- 
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pressed in percentage of the dose of C'. Quite 
consistently the yield of C'*O, derived from C-1- 
labeled glucose is greater than that from the C-6- 
labeled sugar. When all four labeled sugars are 
compared in a given subject, the oxidation of 
glucose-U-C'* appears to give the greatest yield 
~*~... 

Of course, differences of C'*O, excretion might 
occur if the turnover of the glucose pool hap- 
pened to differ on the days that the individual ex- 
Data 
the turnover rates of blood glucose in Subjects 
C.K. and C.B. after injection of glucose-1-C** and 


glucose-6-C'* indicate that these rates were iden- 


periments were performed. obtained on 


tical in a given subject during the study of both 
sugars (see below). Therefore the differences 
in the CO, excretion patterns are due to differ- 
ences in metabolic patterns after glucose has been 
delivered to the tissues. 

C'4-carbon dioxide excretion after NaHCO, 
injection. It became apparent during the analysis 
of the data on excretion of C'*O, derived from 
glucose that a knowledge of the bicarbonate sys- 
tem Baker 
co-workers (4) have reported on some of the 
of NaHCO, 


injection into two subjects. Figure 3 shows the 


in man would be necessary. and 


characteristics this system after 


specific activity curve of expired C™O, after C'- 
bicarbonate injection into Subject C.B. who had 


also received labeled glucose. Because the realiza- 
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tion of the importance of the bicarbonate system 
came relatively late in the course of these ex- 
periments, only Subject C.B. was available for 
study. In the investigations now in progress on 
endocrine influences on glucose metabolism, the 
bicarbonate system is studied in each patient. 
The curve presented here is similar to those of 
Saker and co-workers (4) and to other normal 
subjects studied by us. Examination indicates 
that for the purposes of this study small variations 
negligibly influence the results of the analysis. 
A study of the data in Figure 3, necessary for the 
interpretation of the present glucose oxidation 
data, is presented in the section on Analysis. 
The oxidation of C'*-glucose by whole blood. 
Since it is known that both red and white blood 
cells oxidize glucose-1-C'* to C“%O, much more 


rapidly than glucose-6-C'™ (16, 17), the possibility 


LED GLUCOSE IN MAN 


TABLE II 


Glucose-1-C" oxidation by whole blood * 


Time of 
incubation 


COs: fraction of 
substrate C4 


min 
15 
34 
45 


* Flask contained 2 ml whole blood, 0.3 uc glucose-1-C™. 


arose that part or all of the difference in the curves 
of expired CO, shown above could be explained 
by this fact. That is, C'*O, produced from glu- 
cose-1-C'* by the blood elements would be in a 
unique position, via rapid transit through the 
lung, to be excreted immediately in expired air. 
Therefore an experiment was performed in vitro 
to study glucose-1-C'* oxidation by whole blood. 
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TION OF GLUCOSE-1-C™% AND GLUCOSE-6-C™, RESPECTIVELY. 


AND C-6 OF BLOOD GLUCOSE AFTER ADMINISTRA- 


The inset is the specific ac- 


tivity of blood glucose after injection of glucose-1-C™ to Subject A.K. normalized to 


15-minute value of Subject C.B. 
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Il 


Randomization of C in blood glucose after administration of specifically C-labeled glucose 


( 


position 
mmole 


600 
400 


350 


600 
600 
500 


,200 
900 
500 


,200 
500 
3090 


33,280 
,690 
2,980 


300 
2.500 


calculated from: 


glucose SA — SA of cz 


id C.B 


* For Subjects C.K. ar 


gluc ose 


for Subjects R.S. and A.H. who received giucose-2-C!# 
SA of C-1 + 

glucose SA — (SA of 

Disintegrations per minute per milliatom of carbon. 
II. Under the 


4(), liberation was 


The results are shown in Table 
conditions of this experiment, ( 
linear for about 30 minutes, and the turnover rate 
of glucose by the cells was calculated as 0.000163 
per minute. This corresponds to 0.008 of the total 


glucose disappearance rate (from subsequent cal- 


culations ). 


C** im blood glucose. The changes in the spe- 


1 glucose with time in Subjects 


cific activity of bloo« 
C.K. and C.B. are shown in Figure 4. These data 


indicate that the behavior of C'* in blood glucose 
or C-6 labeled glu- 
In C.B. 


it appears that there is an initial phase of 16 to 


after injection of either C-1 


cose was nearly identical in each subject. 


60 minutes before the final portion of the curve 
This 


previously (11) and by others (18). 


becomes linear. has been observed by us 
In order to 
delineate the nature of the curve prior to 15 min- 
utes, glucose-1-C?* was injected intravenously into 


a male subject, A.K., who weighed the same 


Specific activity (SA) 


Random 


ization* 


Glucose 


Glucose 
( C-6 


lpm /mA.Ct dpm,mA.( 


1,313 
2,124 
1,628 


103,400 
64,750 
33,000 Z 
97,200 
47, 
“pa 
Zi, 


0 
810 
780 


99,400 
53,800 
28,400 


114,800 
59,400 
34,000 


766 
1,093 
5,460 


irbon at original site of label | 


SA 
the calculation used is: 


SA of C-6 
C-1 + SA of C-6) 


as C.B., and blood was obtained at short intervals 
up to 15 minutes. 


trates (7) were counted directly on the assumption 


In this experiment blood fil- 


that at these early times the C’ in blood was in 
The of 
studies revealed curves with marked oscillations 
We felt that this was due to 


glucose exclusively. results two such 
in the C** activity. 
mixing phenomena exaggerated by the venestasis 
during the process of blood withdrawal from an 
Therefore, the study was per- 
the 
with 


indwelling needle. 
blood samples 
brachial artery. The 
the values normalized so that the 15-minute value 
equals that of C.B. is shown in the inset in Figure 
4. 
and C.K. provide the basis for the further analy- 
sis of the glucose system shown later in this paper. 
The 


question often arises whether a specifically la- 


formed on obtained from 


curve thus obtained 


These data in composite with those of C.B. 


Randomization of C'* in blood glucose. 


beled substrate administered to an animal remains 
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specifically labeled over a period of time or 
whether resynthesis of the compound from labeled 
fragments causes randomization of radioactivity. 
The administration of glucose labeled in a single 
carbon provides an opportunity to study the ran- 
Table 


III demonstrates the results of these experi- 


domization of C'* in blood glucose in man. 


ments, in which the specific activity of blood glu- 
cose was determined as well as the specific ac- 
tivity of the 1 and 6 carbons of glucose. There 
appeared to be some labeling of C-1 when glu- 
cose-6-C'™* was administered, and conversely of 
C-6 when glucose-1-C'* was given. In most cases 
the randomization is small. Up to 3 hours after 
injection of the C'*-glucose, peripheral tissues 
were being presented with glucose principally la- 
beled in the position where C' originally resided. 
The per cent randomization as shown in Table II] 
is quite variable. Much of this probably reflects 
methodological variations in the many steps in- 
volved in the isolation and degradations. In the 
studies in Subjects C.K. and C.B., essentially all 
of the C'* is in C-1 and C-6, which may be ex- 
plained by hepatic synthesis of glucose from la- 
beled pyruvate resulting from the metabolism of 
glucose by muscle. Since randomization is not 
extensive, the data indicate that glucose put out 
by the liver during the interval of study is either 
essentially unlabeled or labeled principally in the 
same position as the injected glucose. 

The rapid incorporation of C'* into expired 
CO, after injection of glucose-2-C™ suggested 
that possibly this was being converted to glucose-1, 
3-C' via the oxidative pathway. The degradation 
studies of blood glucose indicate that this is not 
the case. It is possible, however, that randomiza- 
tion does occur intracellularly without being re- 
flected in the pattern of labeling of blood glucose. 

Incorporation of C'* from glucose into serum 
lipids. 


in two studies with glucose-l1- and 6-C** 3 hours 


C'™ was determined in total serum lipids 
after injection of the label. The results are shown 
in Table IV. 
activity appeared in lipids after administration of 
Although 
the amount of incorporation in the two studies 


In both experiments more radio- 
glucose-6-C'* than of glucose-1-C"™. 
varied, the ratio of activity derived from C-1- and 
C-6-labeled glucose is similar. 


With preferential loss of C-1 of glucose via the 


hexose monophosphate pathway, a decrease in 
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TABLE IV 


Radioactivity in serum lipids 3 hours after 
C'- glucose administration 


C posi Lipid C™ frac 
tion in tion dose per 
glucose 100 ml serum C-6 


Ratio 
C-1 


Subject 


radioactivity in the triose moieties derived via the 
Embden-Meyerhof pathway would be expected. 
This would be reflected in a decreased availability 
of labeled triose for lipid synthesis. A ratio com- 
paring Ct’ in lipids from glucose-1-C' and glu- 
cose-6-C!* would be less than 1; in this case it is 
about 0.6. 
ratio indicates the extent of operation of the two 


Some authors (19) have felt that this 


pathways, but Katz and Wood (20), in a recent 
theoretical treatment of this subject, demonstrate 
that the ratio of radioactivity in lipid cannot be 
used in this fashion and show that a ratio of 0.6 
may be compatible with the metabolism of about 
15 per cent of glucose via the shunt pathway. 

Urinary excretion of C'*. A normal subject 
may excrete glucose in urine (21). It is not sur- 
prising, therefore, that C'* should appear in the 
urine after labeled glucose injection; 1 to 2 per 
cent of the C** administered appeared in the urine 
within 24 hours, except in the case of glucose-2- 
C' where 4 per cent of the dose was excreted via 
this route. This C'* may represent compounds 
other than glucose. 


ANALYSIS 


The purpose of the analysis is to investigate the nature 
of the exchangeable glucose system and to derive a value 
for the magnitude of the hexose monophosphate pathway 
It is apparent from the data that 
co, 
This implies the operation of a 


of glucose metabolism. 
the C™ of 
the C™ of glucose-6-C™. 
more direct pathway for C-1 of glucose to be oxidized to 
CO. 
ferred to as a shunt. 
the appearance of C-1 and C-6 of glucose in CO, in 
terms of a direct pathway for C-1, and to determine the 


glucose-1-C™“ appears as sooner than 


Such a direct pathway has occasionally been re- 
To account for the difference in 


magnitude of this pathway, it is necessary to examine 
the kinetics of glucose as well as the kinetics of bicarbo- 
nate in the plasma. From this examination a model is 
proposed, from which has been derived a value, k, which 


indicates the fraction of glucose being metabolized whose 
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fate is the direct oxidation of C-1 to CO, This frac- 
tion, k, has been interpreted as the extent of glucose me- 
tabolism via the hexose monophosphate pathway. 
Exchangeable glucose pools. A kinetic analysis of ex- 
changeable glucose pools has been carried out with the 
SA data of plasma glucose, and the results are pre- 
The analysis shows that a unique solution 
Sev- 
eral representative models that seem reasonable and that 
(22) 


sented here. 
of the glucose system is not possible from our data. 
are discussed in the literature have been assumed 
and values for their parameters calculated. This was 
done in order to examine what effect the choice of a 
model may have on the calculation of the relative size (k) 
of the direct oxidative pathway. For the purpose of 
estimating k, the analysis of the glucose system has sug- 
gested that this value may be ascertained independently of 
a knowledge of how the glucose pools are interconnected. 
This analysis of the glucose system is presented to dem- 
onstrate the reasoning employed to reach the above 
conclusion. 

The plasma? glucose data for the two patients (Fig- 
ure 4) similar and combined into a 


are quite were 


single curve for purposes of analysis. The special study 
dealing with the first 15 minutes was normalized to the 
combined curve, and a single composite curve for plasma 
glucose was obtained (Figure 5). These data were ap- 

* Although blood glucose was isolated, its SA is the 
same as that of plasma glucose. 


x, = 0.01018e° ** + 0.00194¢e°° "™* 


COMPOSITE CURVE OF BLOOD GLUCOSE DATA BASED ON AVERAGE VALUES OF THE POINTS 
The early time data were normalized to the aver- 


0.00876e°"'. 


proximated analytically to a sum of three exponentials 
of the form: 


xX, = aye ait + 12€ at + 33e ast [1] 
where x, is the specific activity of glucose in the plasma, 
The 


values for ai; and a are given in the legend of Figure 5. 


in units fraction of dose per milliatom of carbon. 


The three exponentials in Equation 1 mean that at least 
three exchangeable compartments can be resolved by the 
data. Since only one of these compartments was meas- 
ured, a unique solution of all turnover rates and compart- 
ment sizes of the system is not possible (23). Some of 
the parameters of the model, however, may be solved for, 
and under special assumptions complete solutions may 
be obtained. 


The size of the glucose pool for the sampled com- 


partment (5:1) may be obtained from the reciprocal of 


x, at time t= 0. 
aa?) “aie 1 
[x1 Jo Qi1 + Gi2 + ai3 


= 47.9 milliatoms carbon* [2] 


Ss. 


The volume of distribution (/,) in liters of S, may be 


determined by using the average steady state concentra- 


’ Since this refers to the quantity of C-1 or C-6 of glu- 
cose it is also a measure of the total molecules of glucose. 
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tion of nonlabeled glucose in the plasma (4.07 mmoles 
per L)#: 
_ 47.9 mmoles glucose 


Vi=- : 


4.07 mmoles/L_ aee.. 


When it is assumed that, after the initial mixing phases 
the specific activities of glucose in all three compartments 
are the same, and that glucose may leave the exchange- 
able system from all compartments with equal prob- 
ability, then the “intercept method” may be used to esti- 
mate the size of the exchangeable glucose pool: 


exchangeable pool size = — 

113 
The pool size so obtained for the composite curve of 
is shown in Table V and is in good 
others using the 


the five studies 
agreement with 
same method of computation (6). 

For the assumed conditions, the rate of loss of glucose 
from the system may also be calculated as the pool size 


values reported by 


the smallest exponential constant: 


rate of loss of glucose = mn [3] 
13 
The calculated values are given in Table V. 

In order to examine the nature of the exchangeable 
glucose system, several special models were assumed and 
solutions (23, 24) for the values of their parameters 
obtained 5 (Table V). The sampled compartment, de- 
fined Compartment 1, corresponds roughly to the glucose 
content of the estimated extracellular space of the sub- 
jects. The next largest, Compartment 2, is nearly 
equal in size to Compartment 1, and Compartment 3 is 
small compared with 1 or 2. It was assumed for the 
solution of the pool sizes that the site of entry of new 
glucose is Compartment 1. 

It is suggested in the literature (25, 26) that very little 
glucose exists in the intracellular space. It is therefore 
assumed here that Compartment 2 does not reflect in- 
tracellular glucose. It could represent a pool of glucose 
fragments in equilibrium with extracellular glucose, but 
this is not supported by our experiment in which the 
courses of carbon labels in the 1, 2 or 6 positions were 
studied and shown to remain predominantly in their origi- 
nal positions for a considerable time after injection. Lack 
of randomization of C* in blood glucose demonstrates 
that blood glucose is not in equilibrium with a compart- 
ment of carbon consisting of carbon fragments, as has 
been proposed for the rat by Baker, Shipley, Clarke and 


4 This value is the average of the blood glucose levels of 
C.K. and C.B., Table I, corrected to account for the fact 
that blood glucose equals 0.9 plasma glucose and con- 
verted from milligrams glucose to millimoles glucose. 

5 In principle, it is possible to obtain the range of vari- 
ation of all the parameters for all possible models (23). 
The calculations for this, however, become quite exten- 
sive and impractical without the aid of high-speed com- 
puters and special programs and have not been performed. 


Incefy (22). The three-compartment glucose system seen 
in man appears to represent a spatial distribution of glu- 
cose or glucose metabolites which maintains the glucose 
carbon skeleton. 

The only other glucose pool of any magnitude in the 
body free to exchange is in the form of liver glycogen 
and glucose intermediates on the synthetic pathway to 
It seems a reasonable assumption that Com- 
Since 


glycogen. 
partment 2 reflects predominantly liver glycogen. 
glucose by glycogen 
(27), 
Compartment 2 could reflect only the exchangeable part 
of liver glycogen. 


the incorporation and release of 


occur at the outer tiers of the macromolecule 


The size of Compartment 3 is about 20 per cent of 
Compartment 1, and its rate of exchange with either 
It could be part of the extracellular 
space or some other slowly exchanging pool, and no at- 
tempt will be made to identify it. 


1 or 2 is slow. 


The glucose entering the hexose monophosphate path- 
way must originate from one of the three compartments. 
Compartment 2 is excluded, because it is assumed to be 
predominantly a liver glycogen pool. Compartment 3 
is also excluded, because its time of equilibration with the 
system is much too slow to account for the rapid rate 
of release of CO,. Consequently, it is assumed that glu- 
cose for the direct oxidative pathway is in effect sup- 
plied by Compartment 1. Since Compartment 1 was 
sampled, it is not necessary for the purposes of the shunt 
determination, as will be seen later, to specify how the 
three exchangeable glucose compartments are _ inter- 
connected. 

The fraction of Compartment 1 which leaves the ex- 
changeable glucose system, \,, will be required for sub- 
sequent calculations and may be determined as follows. 
The loss of labeled glucose from Compartment 1 due to 
metabolism in a time interval dt is \y,q, dt. The total 


loss must eventually equal the amount injected: 


[4] 


[5] 


The amount of labeled glucose in Compartment 1, 4,, 
may be obtained by normalization of Equation 1 to unit 
quantity at 0 time, and may be written as: 


n= Aye ait oa Aj€ at + A43e ast 


¢ 
= 0.488 e326 + 0,093 e009 4 0.419 e018 [6] 


Substituting [6] into [5]: 


hes 1/ Au as Ais A a) = 0.0217/min [7] 


ai ae a3 


Knowledge of \y, permits a calculation of the relative 
magnitude of the oxidation of glucose by the blood cells: 


blood cell oxidation 0.000163/min 
pa sont OD: tr = 0.00 8 
total metabolism 0.0217/min S (8) 
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TABLE V 
Solutions of several possible glucose models 





+ 

S,* y.8 

Milliatoms l 
Carbon L 


Rate of 

Glucose 

S; S,+S2+S3 S,+S2+S3 Metabolism 

S} S} Milliatoms Milliatom 
Carbon Min. 





.0063 


.0293 


.0217 


-1600 


-0235 








Intercept method 





* Site of initial injection. 
t Turnover rate fraction per minute. 


$ $1, Sp, Sg are sizes of compartments 1, 2 and 3 respectively. 


§ V, is the plasma equivalent space of distribution of compartment 1 in liters. 


Bicarbonate system. A study was made of the bi- 


carbonate system by injecting C**-labeled bicarbonate into 
the plasma and measuring its SA as a function of time 
(Figure 3). 

(28, 29) when 


It is suggested in the literature that 


CO, is liberated from glucose intracellularly, the CO, 
diffuses into plasma to be converted to bicarbonate in the 
red cells, and then equilibrates with plasma and other 
bicarbonate spaces. It has also been shown (30, 31) that 
the SA of expired CO, equals that of plasma bicarbonate. 
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The rate of loss of glucose from the glucose system is \ou; 











co, 


THE MODEL USED FOR THE ANALYSIS OF THE METABOLISM OF GLUCOSE-1-C™% AND GLU- 


k is the fraction of glu- 


cose leaving the system whose C-1 is oxidized directly to CO,; (1-k) is the fraction of glucose 


metabolized by all other pathways and whose carbon may eventually be metabolized to CO.. 


These other pathways are depicted by a “black box” which represents indeterminate transition 


states and intermediates as well as losses from the system. 


It is therefore assumed that both the sites of entry and 
of loss of bicarbonate are in the plasma. This assumption 
makes the determination of the number of compartments 
in the bicarbonate system, their manner of interconnec- 
tion, and relative sizes unnecessary for the calculation of 
the glucose shunt. If B(t) is the response to a unit in- 
jection at time ¢ = 0, the response to an injection at time 
6 is B(t—6). Any input rate function F(t) may be 
considered as made up of a series of infinitesimal injec- 
tions of magnitude F(6@) dé. The response at any time 
t to one such injection at time 6 is B(t—@)F(@) dé. 
The total response G(t) to an input rate F(t) may be 
expressed as the summation of the responses due to all the 
preceding injections, and, in the limit may be written as 


t 
G(t) = f F(@)B(t — 6) do [9] 


Equation 9 assumes that no material is present in the sys- 
tem initially. 
Determination of the direct oxidative pathway for 
Because of the difference in the C“O, patterns 
of C-1- and C-6-labeled glucose, it is assumed that in ad- 


glucose. 


dition to their common pathways of metabolism (Embden- 
Meyerhof as well as other pathways) another pathway 
exists that differentiates between C-1 and C-6. Present 
information about glucose metabolism suggests that this 
alternate pathway is the so-called hexose monophosphate 
pathway. Figure 6 shows a model in which a fraction 
(1—k) of the glucose C-1 is metabolized by way of the 
Embden-Meyerhof as well as nontriose pathways repre- 
sented by a “black box,” ® and fraction k by way of an 
alternate path. Both fractions eventually release C-1 
into the plasma bicarbonate from which the sampled CO, 
All of the C-6 of labeled glucose goes by way 
of the so-called black box representing both oxidative 
and synthetic pathways and has a fate identical with frac- 
tion 1—k of C-1 of glucose. Actually, a fraction of the 
C-6-labeled glucose must go by way of the alternate path- 


is derived. 


6 Black box is a term used to represent transitions, 
intermediates, and losses which are undetermined. 


way also. However, no labeled CO, is released, since 
only the C-1 carbon is liberated; the C-6 carbon stays 
It is assumed here that the 
pentose returns rapidly to be metabolized. 


with the remaining pentose. 


The analysis that follows is an attempt to estimate k, 
the fraction of glucose that is metabolized via the path- 
Let C,(t) be the 
plasma 


way directly oxidizing the first carbon. 
experimentally determined SA _ of bicarbonate 
as a function of time from a single injection of unit 
amount of C-1-labeled glucose, and let G(t) be the part 
Let C,(t) be 
the SA of plasma bicarbonate due to a single injection of 
unit quantity of C-6-labeled glucose. It 


the model in Figure 6 that 


contributed by the shunt pathway alone. 


follows from 


C(t) = (1 — k)Ce(t) + Gt) [10] 

G(t) may be calculated by using Equation 9. F(@), the 
rate of bicarbonate entry by way of the direct oxidative 
pathway or shunt at time @ is (Figure 6): 


F(@) = kdo191(8) 


where g:(@) is the amount of labeled glucose in the plasma 
at time 6. Substituting this in Equation 9, we get 


G(t) = Ei [kdoigi (8) LB(t — 0) do [11] 


TABLE VI 
Value for hexose monophosphate pathway in man 


Subject k*® SD of k 


C.B. 
C.K. 
Ro 

A.H. 


Mean 


Fraction of glucose-1-C'* 
oxidation accounted for 
by blood cells 


Net shunt 


0.090 
0.070 
0.081 
0.120 


0.090 


+0.01 
+0.01 
+0.01 
+0.01 


0.008 
0.082 


* Fraction of glucose metabolized by way of HMP. 





Estimation of the extent of glucose metabolism by the hexose 
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TABLE 


VII 


monophosphate pathway 


Tissue 


Xat liver slice 

Rat liver slice 

at liver in vivo 
Rat liver perfused 


Rat lactating mammary gland 


slice 


Rat postlactation mammary 


gland slice 
Rat diaphragm 
Intact rat 
Intact rat 
Intact rat 
Human red cells 


Human leukocytes 


" = 
For q(@) = 2- 
7 


and 


Per cent 
shunt 
65-72 
6-39 (44) 
29-38 (45) 
56 (46) 
40-60 (42) 
0 (42) 
(41) 
(38) 
(47) 
(48) 
(49) 
(50) 
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Equation 11 may be integrated? 


, 
G(t) = bdo J Bye E—* ( — eert] [12] 
d 


i io 
Setting 


Git 
k : [12a] 


and substituting into Equation 10, we get 
[g(t) _ Co(t) Jk = [C,(t) - C,(t) ] 


in which & is the only unknown. 

Equation 13 holds for each observation at times ¢; (7 
=1,2...m). A least squares solution (32) for k to 
include all m data points, yields 


g(t) = 


[13] 


> [e(ti) — Colts) LCi(ts) -- Colts) Joi] 
=1 
- nae . [14] 


> (g(t) — Co(ts) Plows] 
i=l 
The statistical weight for the datum at time f; is w:. 


7 This follows from repeated applications of the relation 
that 


it 1 .er14d9 = A; [1 — past) 
=e aj ead 


SUBJECT CK 


GLUCOSE -!-c'* 
4 Observed 
e Calculated 


SUBJECT CB. 


a oe a 


eee ee ee - aa SS eS oe ee 
150 200 250 300 
TIME MINUTES 


A COMPARISON OF THE OBSERVED SPECIFIC ACTIVITY OF EXPIRED CO, 


WITH THAT CALCULATED IN THE DE- 


TERMINATION OF k, THE FRACTION OF GLUCOSE METABOLIZED VIA THE HEXOSE 


MONOPHOSPHATE PATHWAY. 
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SHOWING THE CONV 


ways indicated are: hexose monophosphate, HMP; 
The GAP arrow is broken to indicate a complex series of reactions com- 


and tricarboxylic acid, TCA. 
pared with HMP pathway. 


Using Equations 12 and 12a, g(t) was calculated. Ci(t) 
and C,(t) are the experimental values of C“%O, derived 
C-1- and C-6-labeled glucose, respectively. In 
this solution it assumed that g(t) C,t#) 
known exactly and that only C,(t) contributes to the 


from 
is and are 
variations. 

The values of & and their standard errors were cal- 
culated for each study using Equation 14.8 These are 
given in Table VI. Figure 7 shows comparison of 
the observed values of the specific activity of C“%O, after 
administration of glucose-1-C™ to those calculated from 
the value of C™“O, specific activity after glucose-6-C™ 
injection. 

The value of k as calculated above represents the frac- 
tion of glucose metabolized by direct oxidation of C-1 
to CO, and includes the metabolism due to the blood 
cells. The mean value of k for the four studies shown in 
Table VI is 0.09. to blood cells 
0.008 from previous calculations. Hence, the 
due to this pathway other than blood cells is 0.082. 


The fraction due is 
fraction 
It 
should be pointed out here that the fraction 1-k repre- 
sents all other pathways for glucose metabolism, includ- 


ing the Embden-Meyerhof and synthetic routes. 


DISCUSSION 


Current concepts of glucose metabolism have 
recently been reviewed by Horecker and Hiatt 


(34). 


lism are now known in mammalian tissue, the 


Two principal pathways of glucose catabo- 


8 A general computer program using an IBM 704 and 
a special program using an IBM 650 were used for the 
calculation involved in Equations 12 and 14, respectively. 
The features of the general computer program will be 
described separately (33). 


IN MAN 


3,4 
ae 9, 
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ATOMS OF GLUCOSE TO 


Path- 
Embden-Meyerhof, EMP; glucuronic acid, GAP; 


INDIVIDUAL 
~UCOSE METABOLISM IN MAMMALIAN TISSUE, 


JERSION OF CARBON 


Embden-Meyerhof (EM) and the hexose mono- 
phosphate (HMP). 
pathway (GA) may be involved in glucose oxida- 
tion (35). 
olism exist in bacterial systems (36), it is possible 


A third, the glucuronic acid 
Since other pathways of glucose catab- 


that as yet undescribed pathways may exist in 
mammalian tissue. In addition, besides catabo- 
lism, glucose may enter into many synthetic reac- 
tions. 

Based on the present state of knowledge, the 
metabolic fate of the individual carbon atoms of 
glucose appearing as CO: is depicted schematically 
in Figure 8. In the HMP pathway, described in 
detail by Horecker and Mehler (37), C-1 of C'*-glu- 
cose gives rise to C'*O, directly in two enzymatic 
steps. The remaining five carbon atoms may re- 
cycle to produce hexose such that the original C-2 
of glucose appears in the 1 and 3 positions. 
Operation of the EM pathway results in conver- 
sion of one glucose to two pyruvate molecules 
from which acetate enters the tricarboxylic acid 
(TCA) cycle. 
bon of glucose may be released as CO, prior to 
oxidation of the other carbons but only after 


In the GA pathway the sixth car- 


glucose is converted to uridine diphosphoglucose 
and subsequently to glucuronic acid. The GA 
pathway may be one not primarily involved in 
glucose oxidation to CO,. It should be pointed 
out that not all of the glucose carbons in the EM 
path enter the TCA cycle nor does that carbon en- 
tering the cycle necessarily exit as CO,,. 
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Figure 8 shows that in the pyruvate resulting 
from operation of the EM pathway the original 1 
and 6 carbons of glucose appear as the methyl 
group, the 2 and 5 carbons as the carbonyl, and the 
3 and 4 carbons as the carboxyl group. Pyruvate 
first undergoes decarboxylation whereby the third 
and fourth carbons of glucose are liberated as 
CO.. 
pathway glucose labeled with C™ in C-3 or C-4 


Thus it would be expected that by this 


would give rise to C'*O, earlier than glucose la- 
beled in other carbons. Acetate, the remaining 
C-2 fragment, now enters the tricarboxylic acid 
cycle. If one follows the reactions of the TCA 
cycle it is evident that, after the entrance of acetate 
into the scheme, the second turn of the cycle will 
release the acetate carboxyl group as CO, (repre- 
senting glucose C-2 and C-5) while a third turn 
of the cycle is required to oxidize the methyl car- 
bon (glucose C-1 and C-6). The lag time ob- 
served here for C'*O, production from glucose-6- 
C' may be due to the time required to label all 
of these intermediary compounds. 

Secause the carbons of glucose have relatively 
differ- 


possible 


different metabolic fates and give rise to 
ing C'*Q, excretion patterns, it may be 
to obtain more information concerning glucose 


metabolism in various pathological states by em- 


ploying singly labeled glucose instead of uni- 


formly labeled glucose, which is usually employed. 
It is possible that in some conditions the activity 
of the HMP pathway may be altered. Under such 
circumstances one would encounter CO, excre- 
tion patterns differing from normal when studied 
with singly labeled glucose even though the ex- 
cretion pattern might not be significantly different 
from normal when studied with glucose-U-C", 
Using singly labeled glucose we have observed 
altered CO, excretion patterns in hyperthyroid 
patients. These data will be the subject of a 
future communication, 

The present data demonstrate that the rate and 
various carbon atoms of 
Of the labeled 
carbons studied, the C'* of C-6 gives the least la- 
beling of CC De 


extent of oxidation of 


glucose to CO, vary in man. 
Glucose C-1 is oxidized to CO, 
Since C-1 and C-6 are 


equivalent in the EM and other pathways, the 


more readily than is C-6, 


greater C-1 oxidation may be explained by the 


operation of the HMP pathway. The oxidation 
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of glucose uniformly labeled gives rise to the 
greatest amount of C™ in CO,. This may be ex- 
plained on the basis of rapid labeling of CO, from 
the 3 and 4 carbons via pyruvate decarboxylation 
plus the rapid oxidation of C-2 to CO,. Glucose- 
2-C*4 oxidation to CO, was equivalent to or greater 
than glucose-1 and much greater than glucose- 
6-Ci, 

The latter result requires some interpretation. 
It is possible that the fraction of glucose-2-C™ 
oxidized via the HMP pathway may, on rapid re- 
cycling, give rise to glucose-1,3-C™ (37) which, 
when oxidized, gives rise to CQO, faster than 
glucose-6-C™. However, this does not explain 
the equivalent or greater C'O, production from 
glucose-2-C™* than from glucose-1-C'*. An ex- 
planation may be in the differential oxidation of 
the methyl and carboxyl carbon of acetate in the 
TCA cycle. 
Stetten and Stetten (38) suggest that our find- 


Experimental observations of Bloom, 
ings may reflect events in the TCA cycle. These 
investigators studied the oxidation of lactate la- 
beled in single carbon atoms by the rat and ob- 
served about 50 per cent more CO, from lactate- 
2-C'*, compared with lactate-3-C™. 

Various studies have been performed in an 
attempt to ascertain the extent of glucose oxida- 
tion via the hexose monophosphate pathway in 
animal tissues. These are summarized in Table 
VII. A critique of the methods used in these ex- 
periments may be found in papers by Korkes (39), 
Wood (40) and Katz and Wood (20). Many of 
these values are based on interpretation of ratios 
of the C'™ yield in CO, from glucose-1-C™ and 
glucose-6-C'™ obtained at a given time-interval 
from the start of the experiment. Our data re- 
veal that these ratios change with time and that 
one cannot estimate the extent of the shunt path- 
way by this method. This prompted us to apply 
a kinetic type of analysis to the data. The re- 
sults suggest that about 8 per cent of glucose be- 
ing metabolized in man occurs via the hexose 
monophosphate oxidative pathway. This amount 
does not differ markedly from some of the esti- 
Table VII. 


our results are for the whole body. 


mates in It must be kept in mind that 
No implica- 
tion is made that this is the extent of the shunt in 
all the tissues. It is possible that some tissues 


have a much larger glucose catabolism via the 
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shunt and that this is counterbalanced by others 
like muscle which have little or no shunt pathway 
(41). 

Some investigators (42) believe that the ratio 
of C™ in lipids after glucose-1-C'* and glucose- 
6-C'* injection is a reliable estimation of the HMP 
path. The ratio of about 0.6 obtained here would 
be interpreted as indicating that 40 per cent of 
Katz and 
extensive 


glucose is metabolized via the shunt. 
Wood (20) have performed a 


analysis of the calculation of the shunt and show 


very 


on very good grounds that the ratio derived from 
labeling of lipid after administration of specifically 
labeled sugars is not a true estimate of the shunt. 
They show on theoretical grounds that a 10 per 
cent shunt could give a ratio of approximately 
0.7. 

The results of the present study suggest that 8 
per cent (k X 100) of the initial glucose entering 
metabolic pathways is handled by the oxidative 
pathway. To our knowledge this is the first 
attempt, by a kinetic analysis, to calculate the 
hexose monophosphate pathway in the intact sub- 
ject. Katz and Wood (20) have recently pub- 
lished an excellent analysis of the estimation of 
this pathway in tissue slices where a steady state 
This 


type of analysis cannot be employed in the single 


of glucose metabolism has been achieved. 


injection type of experiment. The value k derived 
here corresponds to the pentose cycle term used by 
Katz and Wood. 

It should be noted that these experiments have 
been made in the fasting state, and it cannot be in- 
ferred that the estimated k value is of the same 
magnitude during periods of hyperglycemia or 
of hyperinsulinism. As a matter of fact, in fat tis- 


sue high levels of glucose and insulin appear to 


accentuate the hexose monophosphate pathway 
(51, 52). 

Several aspects of the approach to the data anal- 
Originally, only 
expired C'O, and labeled plasma glucose data 


ysis may be worth mentioning. 


were collected after C**-glucose injection, and the 
model proposed for the HMP pathway was a 
single glucose pool feeding into a single bicarbo- 
nate pool. A very good fit of the calculated and 
experimental C'O, data, similar to that shown in 
Figure 7, was obtained for this model. The un- 
certainty in the model parameter values (turn- 
over rates, pool size, and so forth) was so large 
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that no estimate of k could be made. This indi- 
cated the need for more information on the bi- 
carbonate system, which resulted in a separate bi- 
carbonate study and a two-compartment repre- 
sentation for it. Efforts to fit the data with the 
more complex model resulted in inconsistencies 
in the fit. 
model was introduced for 


To eliminate this, a modification of the 
which more detailed 
knowledge of the early glucose curve was neces- 
sary. This resulted in a separate experiment. 
Thus, non-uniqueness of the solutions on the 
one hand and inconsistencies in the fit of the data 
on the other were the guiding criteria in evolv- 
ing the model proposed. 


SUMMARY 


Variously C'*-labeled glucoses have been admin- 
istered intravenously to normal human subjects, 
and the patterns of C'*O, production, C™ disap- 
pearance and randomization of label in blood glu- 
cose, and incorporation of radioactivity into se- 
rum lipids were determined. The CO, excre- 
tion curves obtained after injection of glucose-1- 
C**, glucose-2-C', glucose-6-C™, and glucose-U- 
Little 
of C'* in blood glucose was observed. 


C' differed considerably. randomization 
Greater 
incorporation of C'* into serum lipids occurred 
The 


difference in C'*O, patterns and lipid incorpora- 


from glucose-6-C'* than from glucose-1-C™. 


tion data in studies with 1- and 6-labeled glucose 
suggests the operation of the hexose monophos- 
phate pathway of glucose metabolism in man. On 
the basis of the observed CO, excretion data and 
a kinetic analysis of an assumed model system of 
glucose metabolism, it has been calculated that 
about 8 per cent of glucose is metabolized by the 
hexose monophosphate pathway in man. 
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Despite extensive knowledge of the amino acid 
composition of beef-pork glucagon, and of the 
physiologic changes induced by its administration 
to animals and man, the role of glucagon in the 
homeostatic regulation of blood glucose level in 
normal and abnormal states remains to be defined. 
This fundamental gap in knowledge is the result 
of the lack of a method sufficiently specific and 
sensitive to measure endogenous glucagon in 
body fluids. 

Previous efforts to assay glucagon in plasma 
have been based upon ability to produce either hy- 
perglycemia in a living animal (1-3), glycogenoly- 
sis in liver slices (4), or phosphorylase activation 
in liver homogenates (5). There is reason to 
doubt the specificity of the plasma glucagon-like 
activity detectable by such methods (6), and their 
status is at present in question. 

The greater specificity inherent in immunoas- 
says (7), coupled with the unprecedented sensi- 
tivity provided by the paper radiochromato-elec- 
trophoretic techniques of Berson and co-workers 
(8) suggested that a radio-immunoassay for glu- 
cagon might provide a hitherto unequaled range 
of specific measurements. In a preliminary re- 
port, the antigenicity of beef-pork glucagon in 
rabbits was recorded and the feasibility of a radio- 
(9). 
Serson and Yalow of a ra- 


immunoassay for glucagon demonstrated 
The development by 
dio-immunoassay for insulin of remarkable sensi- 
tivity and specificity (10, 11) has validated this 
approach to problems of peptide hormone assay. 
In the following report the antigenicity of glu- 
cagon is demonstrated, glucagon antibodies are 


* Supported by United States Public Health Service 
A-2700. 
at the Central Society for Clinical Research, Chicago, 
Ill., November 6, 1959, and the American Society for 
Clinical Investigation, Atlantic City, N. J., May 2, 1960. 


Grant Portions of this study were presented 


characterized in respect to their specificity and the 
kinetics of their reaction with glucagon, and a 
radio-immunoassay for glucagon capable of meas- 
uring as little as 50-millionths of a microgram of 
glucagon is described. 


METHODS AND MATERIALS 


I, Antibody studies 


A. Immunization. Forty-seven white female rabbits, 
each weighing more than 5 pounds, were employed in 
this study. Twenty-nine were given monthly injections 
of Lilly beef-pork glucagon! in the complete Freund’s 
adjuvant for 3 months and at irregular and less frequent 
intervals thereafter; 18 control animals received simi- 
larly scheduled injections of either Lilly beef-pork “glu- 
cagon-free” insulin in complete Freund’s adjuvant (7 
rabbits) or complete Freund’s adjuvant alone (5 rab- 
bits), and 6 rabbits were given no injections at all. 
Premixed Lilly beef-pork glucagon solution was added 
with sterile technique to an equal volume of the com- 
plete Freund's adjuvant and mixed at room temperature 
At least 


required for emulsification; 2 ml of emulsion containing 


on an automatic paint shaker. 15 minutes was 
1 mg of glucagon was administered to each rabbit; 0.2 ml 
was injected in a footpad and the remainder subcutane- 
ously in a hindquarter. 

B. Radiotodination of glucagon. The procedure em- 
ployed is a modification of the Pressman-Eisen technique 
(12) and is being reported elsewhere in greater detail 
(13). To 50 me of Nal™, chilled in a beaker of ice, 3 
drops of 0.1 NaNO, are added; 2.5 N HCl is added drop- 
wise, to give a pH of about 2.0. Then 0.05 ml of 0.001 
N KI and 1 drop of NaNO, are added; 50 wg (0.1 ml) 
of chilled glucagon is rapidly added. Prompt addition of 
2 to 3 ml of glycine buffer with thorough but gentle mix- 
The 


material is then dialyzed for 3 hours in 250 ml of chilled 


ing follows, and the pH is raised to 9.0 or above. 


glycine buffer containing 15 ml of washed resin (Amber- 
lite 401). 
the resin gently agitated by a magnetic stirrer. 


The buffer is maintained in an ice bath and 
The 
dialyzed material is transferred to a tube containing 

t Kindly supplied by Dr. W. R. Kirtley, Eli Lilly, Inc., 
Indianapolis, Ind. 
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enough albumin to provide a final albumin concentration 
of 5 per cent. This solution is passed through a Resikit 
to reduce further the 
The final glucagon-I™ solution is frozen immediately and 
stored until needed. 

The technique described provides a high specific ac- 
tivity without undue damage to the glucagon molecule. 
Biologic assays of one lot of glucagon-I™, kindly per- 
formed by Dr. W. Bromer of Eli Lilly, Inc., failed to 
demonstrate loss of biologic activity despite many weeks 


nonprotein-bound radioactivity. 


of storage. In general, an atom: molecule ratio of 0.7: 1 
can be anticipated. 

C. Detection of antibodies. 
rabbit prior to the monthly injection was studied by the 
3erson, Yalow and Volk technique adapted for glucagon- 
(1a). 


that glucagon-I™, when incubated in normal serum and 


Serum obtained from each 


This method is based upon the observation 


then applied to a filter-paper strip, is adsorbed to the 
paper at the point of its application (origin) and will not, 
under these circumstances, migrate either chromato- 
graphically or electrophoretically, thereby permitting its 
separation from the serum proteins. In the presence of 
glucagon antibodies, however, glucagon-I™ might be ex- 
pected to bind to and migrate with globulin in a mannner 
similar to that described for insulin-I* and insulin anti- 
bodies (8). 

One ml of undiluted serum was incubated on a rotating 
shaker at 37° C for 1 to 3 hours with 10 mug of glucagon- 
I, In the more recent studies this has been followed 
by overnight incubation at 4° C. From 20 to 100 ul of 
this mixture was then applied to a Whatman 3 MM filter- 
paper strip. In a barbital buffer, ionic strength 0.05, 
pH 8.6, the strips were subjected to electrophoresis with 
hydrodynamic flow 2 in a Spinco model R electrophoresis 
cell with a current of 10 ma for 1 hour, followed by elec- 
trophoresis alone at 2.5 ma for 16 hours. Strips were 
heat-dried at 120° C for 1 hour and stained with naphthol 
The strips were counted in an Actigraph 
Count-rate 


tracings were obtained by means of a Rectiriter recorder 


blue-black dye. 
counter with a TGC-2 Geiger-Miiller tube. 


(Texas Instruments). 

In other studies not requiring separation of the indi- 
vidual serum protein fractions, the strips were loaded 
with up to 300 ul and subjected to horizontal chroma- 
tography for periods up to 2.5 hours, during which time 
the proteins migrate at least 2 inches from the origin. 
After drying and staining, the strips were cut so as to 
separate completely the origin from the protein area. 
Each half of the strip was counted in a well-type scintil- 
lation counter. All samples were counted until a total 
of at least 10,000 counts was obtained. Berson, Yalow, 
and Volk have shown that a small fraction of glucagon- 
I damaged by irradiation or other factors, during or 
after the iodination procedure, migrates nonspecifically 


with serum proteins (14). Parallel control runs em- 


2 Hydrodynamic flow occurs if the slit at the top of 
The resulting evaporation 
provides the necessary flow to move y-globulin away 


the cell cover is left open. 


from the origin. 
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ploying undiluted serum from unimmunized rabbits were, 
therefore, carried out with every run in order to distin- 
guish between nonspecific protein-binding of damaged 
glucagon-l™ and specific antibody-binding of undamaged 
glucagon-I™. The damaged moiety ranged from 4.8 to 
20 per cent of the glucagon-I™ lots employed in this 
group of studies, but was almost always less than 10 
per cent. 

In addition to the Berson-Yalow techniques, the Skom- 
Talmage technique (15), originally introduced for the 
study of nonprecipitating insulin antibodies, was adapted 
without change except that glucagon-I1™, glucagon-chal- 
lenged rabbit serum, and sheep antirabbit globulin serum 
were substituted for insulin-I1*’, human anti-insulin serum, 


and antihuman globulin serum, respectively. 

II, Immunoassay for glucagon 

The 
tion between radioantigen and antibody can be quanti- 


A, Principles of the radio-immunoassay. reac- 
tatively expressed as a ratio of the migrating or anti- 
body-bound glucagon-I™ to the nonmigrating or free glu- 
This ratio will be referred to henceforth as 
that, if the 
and antibody in the system is 


cagon-l' a 
the B/F ratio. It was shown previously 
amount of glucagon-I™ 
kept constant, the introduction of progressively increas- 
ing amounts of nonradioactive glucagon, by competing 
with glucagon-I™ for antibody, will cause a progressive 
decrease in the B/F ratio of glucagon-I™ (9). As in 
the Yalow-Berson (11) and Grodsky-Forsham (16) in- 
sulin assays, it is the relationship between the quantity 
of unlabeled antigen introduced and the B/F ratio of the 
radioantigen which forms the basis of the immunoassay. 

B. Materials. Antiserum. All 
of binding 50 per cent or more of 10 mug of glucagon-1™ 


rabbit sera capable 
per ml were pooled, to assure a large stockpile of serum 
of uniform antibody concentration. 

Glucagon standards. Solutions of unlabeled beef-pork 
glucagon premixed in Lilly glucagon diluent * were made 
up in 5 per cent human albumin solution in concentrations 
of from 50 to 10,000 uwug per ml. These can be stored 
frozen without notable loss of glucagon. 

Glucagon-Il™. Batches of glucagon-I™ with specific 
activities ranging from 93 to 234 mc per mg were pre- 
pared as described by the McCall modification (13) of 
the Pressman-Eisen (12) technique. Five per cent albu- 
min solution was added to the glucagon-I™ to give a 
stock solution of 1 or 2 wg per ml. The albumin pre- 
vents adsorption to glassware and minimizes the radia- 
tion damage (14) which ranged from 2.06 to 9.60 per 
cent in the immunoassay studies. Frozen glucagon-I’” 
can be stored without significant increase in damage for 
up to 2 weeks. A trace concentration of 50 to 100 
wug of glucagon-I™ per 0.1 ml was obtained by diluting 
25 to 100 wl of stock solution with 2 per cent albumin 


solution. 


3 Formula of the diluent, kindly supplied by Dr. W. R. 
981.73 g of distilled water, 16 g 
The pH is adjusted to 


Kirtley, is as follows: 
of glycerin, and 2.27 g of phenol. 
2.85 with HCl. 
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Fic. 1. CONTROL GLUCAGON-CHALLENGED RABBIT 


A. When glucagon-I™ is incubated with serum 


AND 
SERA. 
from normal control rabbits, and then subjected to elec- 
trophoresis plus hydrodynamic flow, the major fraction 
of radioactivity remains fixed to the origin of the strip, 
giving the above pattern of distribution of radioactivity. 

B. With serum of rabbits challenged with beef-pork 
pattern of radioactivity 
changes strikingly with a substantial fraction now mi- 


glucagon, the distribution of 


grating with the y-globulins. 


Unknown specimens. In these studies unknown speci- 
mens consisted either of heparinized human plasma or 
crude pancreatic extracts. All blood was centrifuged 
immediately after collection, and the plasma was sepa- 
rated and promptly frozen until the time of the test. 
Extracts of pancreatic tissue were made by the method 


of Sutherland and de Duve (17), and the desiccated 
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residue reconstituted in chloride-phosphate buffer con- 
taining 5 per cent albumin. 

C. Procedure. 1) One ml of a 1: 100 dilution of pooled 
high titer rabbit antiserum in physiologic saline was in- 
cubated with 1 ml of each glucagon standard (or of an 
unknown specimen) for 1 hour at 37° C in an automatic 
shaker. 2) One-tenth ml of glucagon-I™ solution, con- 
taining 50 to 100 wug of glucagon-I™ was added to each 
tube in identical quantities and reincubated with shaking 
3) The mixtures were then 
4) After incuba- 


for another hour at 37° C. 
incubated at 4° C for at least 24 hours. 
tion the mixtures were allowed to reach room tempera- 
ture, and 0.9 ml of each mixture was loaded on three 
Whatman 3 MM filter-paper strips, 0.3 ml per strip, ar- 
ranged in horizontal chromatography cells containing a 
barbital buffer at pH 8.6, ionic strength 0.05. 5) These 
were chromatographed at room temperature for ap- 
proximately 2.5 hours or until the proteins had migrated 
to the far end of the strip, their posterior edges at least 
2 inches beyond the anterior edge of the origin. A dummy 
strip containing bromphenol blue dye was used to deter- 
mine when migration was complete. 6) The strips were 
heat-dried for 1 120° C 
naphthol blue-black dye and air-dried. 7) 
then cut so as to separate clearly the origin from the pro- 
The three 


hour at and stained with 


They were 


tein area at the opposite extreme of the strip. 
halves containing the origin and the three halves con- 
taining the protein area were carefully folded together 
and counted in a plastic tube in a 4 cc well-type scintil- 
lation counter until a total of at least 10,000 counts was 
obtained. 

Several of the glucagon standards and unknown sam- 
ples were set up in the identical manner except that se- 
rum from non-immune rabbits was substituted for anti- 
glucagon serum. These control strips were necessary to 
determine the degree of nonspecific protein-bound mi- 
gration of glucagon-I™’ damaged during incubation with 
the various specimens being assayed, in order to permit 
calculation of a B/F ratio corrected for damage. 

D. Calculation of B/F ratio corrected for damaged 
glucagon-I™. This was done in the manner described by 
Yalow and Berson for insulin-I™ (11). 


RESULTS 


I, Antigen-antibody reaction 


Antibody response. When glucagon-I'*' was 
incubated with the serum of normal control rab- 
bits and the mixture applied to a filter-paper strip 
and subjected to either electrophoresis with hy- 
drodynamic flow or chromatography, all but a 
small fraction of the radioactivity remained fixed 
to the origin or point of application, and the pat- 
tern illustrated in Figure 1A was obtained. 

In the rabbits challenged with monthly injec- 
tions of beef-pork glucagon in Freund’s adjuvant, 
however, a progressively increasing deviation from 
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the above pattern was observed. After the third 
or fourth injection, a varying but usually sub- 
stantial portion of the glucagon-I’*' migrated 
with y-globulin, giving the radio-electrophoretic 
pattern typified by Figure 1B. 

In Figure 2, glucagon-I'** migration in the 
sera from the 29 glucagon-challenged rabbits is 
compared with that of sera from 7 insulin-chal- 
lenged rabbits, 5 rabbits treated with Freund's 
adjuvant only, and 6 untreated rabbits. Signifi- 
cant migration of glucagon-I'*! with y-globulin 
was encountered only in sera obtained from glu- 
cagon-challenged rabbits, averaging 58.5 per cent 
of 10 mug of glucagon-I'*' with a range of 13.4 to 
84.6 per cent. In serum from the three control 
groups an average of only 8 per cent of the glu- 
cagon-I'*! migrated with globulin, with a range 
of 4.8 to 13.4 per cent. This small percentage of 
radioactivity which migrated diffusely with serum 
proteins of the control rabbits represents damaged 
glucagon-I'** (14). These results indicate that 
significant levels of glucagon-binding globulins 
occur only after repeated injections of glucagon, 
thereby indicating its antigenicity. 

The quantitative authenticity of the above re- 
sults was verified by a different method, the Skom- 
Talmage technique (15), in which the radioanti- 
gen-antibody complex is separated from free ra- 
dioantigen by precipitation of the former with 
specific antiglobulin serum. In the serum of 
Rabbit G-23, for example, in which 85 per cent 
of the glucagon-I'*! was found by the Berson- 
Yalow technique to be bound to globulin, 87 per 
cent of the glucagon-I'*' was found by the Skom- 
Talmage technique to be bound to globulin. 

Cross reaction between insulin and glucagon. 
In order to exclude cross reactivity between insu- 
lin and glucagon, glucagon-I'*! was incubated with 


TABLE I 


Tests of cross reactivity between glucagon-I'*' and 
insulin-I*\ and their antibodies 


% Bound to 


Radioantigen Serum globulin 





73.1 
19.8 
1b By 


Antiglucagon 
Anti-insulin 
Non-immune 


Glucagon-I 


19.7 
90.3 
20.7 


Antiglucagon 
Anti-insulin 
Non-immune 


Insulin-[)*! 


100— 





Control Rabbits Glucagon Challenged 


90-— Rabbits 


80- 


70— 


Bound 


60— 


ist 


Percent of Glucagon I 


—-@--—4 


e i mean 


cai 
Freund's + | 


Insulin 
Nothing 























Fic. 2. BINDING OF GLUCAGON-I™ IN RABBIT SERUM. 
The percentage of 10 mug of glucagon-I® which mi- 
grated chromatographically with globulin in the serum 
of 29 rabbits with monthly 
beef-pork glucagon in Freund’s adjuvant, is indicated on 
the right (range of migration 13.4 to 84.6 per cent; mean 
58.5). 
trol rabbits is recorded on the left. 


trols, migration was 4.8 to 7.2 per cent (mean 5.8); in 


challenged injections of 


The per cent migration in the serum of 18 con- 
In 6 uninjected con- 


7 rabbits receiving “glucagon-free” insulin in Freund’s 
adjuvant, migration was 7.3 to 13.4 per cent (mean 10.4) ; 
in rabbits injected with Freund’s adjuvant alone migra- 
tion ranged from 5.9 to 12.0 per cent (mean 7.7). The 
results indicate the antigenicity of beef-pork glucagon 
in rabbits. 


rabbit and insulin-I*** with 


antiglucagon serum, and binding of the radio- 


anti-insulin serum 
antigens to globulin measured chromatographi- 


cally. As indicated in Table I, no evidence of 
cross reactivity was noted, the binding of insulin- 
I'** to globulins in antiglucagon serum and of 
glucagon-I™*' in anti-insulin serum being no 
greater than in non-immune sera. 

Protection of glucagon from proteolytic degra- 
dation. 
insulin to insulin antibody protects the former 


In order to 


It has been shown that the binding of 


from degradation by insulinase (18). 
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% GLUCAGON-1” BOUND TO ANTIBODY 








TIME 
Fic. 3. 


GLUCAGON-I™ 


RATE OF ASSOCIATION AND DISSOCIATION OF 


AND ITS ANTIBODY. Glucagon-I™ (12.3 
mug) was incubated with a 1:10 dilution of pooled rab- 
bit antiglucagon serum and aliquots were removed at 
various times up to 3 hours thereafter and the per cent 
The 


indicate the rate of formation of the radioantigen-anti- 


migration at these times determined. open circles 


body complex. Subaliquots of the incubating mixture 


of glucagon-l™ and antiserum were removed at 5 dif- 
ferent points and swamping quantities of nonradioactive 
glucagon added in order to study dissociation of the 


The 
the per cent bound to antibody at various times after 


radioantigen-antibody complex. solid circles show 
the addition of the “cold” glucagon and indicate the rate 
of dissociation of the radioantigen-antibody complex as 
antibody-bound glucagon-I™ is exchanged for and di- 
The 


indicate the rate of dissociation of the complex and dem- 


luted out by the nonradioactive glucagon results 


onstrate the reversibility of the antigen-antibody reaction. 


determine whether glucagon antibodies similarly 
protect glucagon from degradation by plasmin, 
shown by Mirsky, Perisutti and Davis to degrade 
glucagon (19), 1 myg of glucagon-I'*! was incu- 
bated in the described manner with both antiglu- 
After 
the usual overnight incubation 1,000 U of buffered 


cagon serum and a non-immune serum. 
streptokinase (Varidase) in fresh human plasma 
was added and incubated with the mixture for 90 
C by the Mirsky method (19). 


In the presence of antiglucagon serum, only 8.2 


minutes at 37 


per cent of the glucagon-I'*' was degraded, as 
indicated by loss of trichloroacetic acid-precipitable 
radioactivity, as compared with 37.3 per cent deg- 
radation in the control sample containing non-im- 
mune rabbit serum. 
Kinetic studies. 


and Yalow (20), to characterize the reaction be- 


The methods used by Berson 


tween insulin and its antibody were employed in 
these studies to examine the patterns of formation 
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and dissociation of the glucagon-antibody com- 
plex. Glucagon-I'*? (12.3 mpg) was incubated 
in a 1:10 dilution of pooled rabbit antiglucagon 
serum at 37° C, and aliquots were removed at 
varying intervals to determine by paper chroma- 
tography the amount of glucagon-I*** bound to 
antibody after various time intervals. The re- 
sults of such an experiment are recorded in Fig- 
ure 3, and the rate of association at that tempera- 
ture is indicated. 

To study dissociation of the glucagon-I'*' anti- 
body complex, saturating quantities (10 pg) of 
nonradioactive glucagon were added at varying 
times to aliquots of the incubating mixture. Sam- 
ples of these were removed at varying intervals 
and the changes in the percentage of glucagon-I**" 
bound to antibody were determined. Reversibility 
of the reaction would be indicated by a decrease 
in antibody-bound radioactivity as glucagon-[**! 
equilibrates with, and is exchanged for, the more 
plentiful nonradioactive glucagon. Evidence of 
reversibility and an example of the rate at which 
dissociation takes place are given in Figure 3. 

It has been shown that the insulin-binding re- 


At a 


constant antibody concentration, the amount of 


action obeys the law of mass action (8). 


insulin-binding increases with the quantity of in- 
sulin incubated, although the fraction of the incu- 


bated insulin that is bound declines. The results 


of the experiment shown in Figure 4 indicate that 


glucagon-binding is similar in this respect. 
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IT. Immunoassay 


Standard curves. When unlabeled glucagon in 


) per cent albumin solution is incubated with 


antiglucagon serum prior to incubation of the 
antiserum with glucagon-I'*', the B/F ratio of 
the latter will fall. The magnitude of this fall is 
related to the quantity of the unlabeled glucagon 
that has been added. When the B/F ratio is 
plotted as a function of the quantity of added un- 
labeled glucagon, a characteristic curve is obtained 
which serves as the standard curve for the assay 
(Figure 5A, B). In general, an unequivocal de- 
cline in B/F ratio from the values obtained with 
a 5 per cent albumin blank is encountered when- 
ever the quantity of unlabeled glucagon approaches 


‘ in the 


or exceeds the amount of glucagon-I 
system. Initially, relatively small amounts of 
unlabeled glucagon cause a proportionately large 
fall in B/F ratio, but with larger amounts a pro- 
gressively smaller decline is noted and the curve 
approaches the horizontal. 

The ability of other peptide hormones, glu- 
cagon-free insulin, vasopressin, and ACTH, to 
lower the B/F ratio of glucagon-I'*! was tested 
and compared with that of glucagon (Table II). 
Only glucagon caused a significant decline in the 
B/F ratio of glucagon-I'*!, suggesting a high de- 
gree of specificity for the assay method. 

Because it was not possible by means of cur- 
rent techniques and equipment to count less than 
50 to 100 pug of glucagon-I'*', maximal sensitivity 
possible under these circumstances was 50 to 100 
ppg of glucagon. In achieving this level of sensi- 
tivity, a 1:100 dilution of the pooled antiserum 


>) 


was employed (Figure 51 
Although curves made with different lots of 


glucagon-I'*! and different lots of dilute anti- 


amounts of nonradioactive glucagon, from 2,000 to 10,- 
000 wug causes a progressive decline in the B/F ratio of 
100 uug of glucagon-I™. A plot of B/F as a function of 


the amount of preincubated “cold” glucagon yields the 
above characteristic curve which serves as a standard 
curve in the glucagon assay. The high degree of repro- 
ducibility is indicated by the proximity of the duplicate 
determinations. 

B. Maximai sensitivity attainable by currently em- 
ployed techniques is 50 weg. In the above curve, 50 
uug of “cold” glucagon caused a significant fall in the 
B/F ratio of glucagon-I*”. 
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TABLE II 


Effect of various polypeptide hormones on B/F 
ratio* of glucagon-[**! 


Glucagon-free 


Hormone insulin Glucagon 
concen- 


tration 


Vaso- 


Exp. I Exp. II pressin Exp. I Exp. Il 


ACTH 
pug, mi 
0 1.030 
100 1.379 
200 1.424 
400 1.039 
600 0.753 
800 1.039 
1,000 1.110 
4,000 
5,000 
6,000 
10,000 
15,000 
20,000 


1.030 
0.930 
0.796 


1.173 1.379 1.173 


1.020 


0.990 1.063 0.774 
0.258 

0.979 1.002 0.282 
0,202 
0.129 0.152 
0.114 


0.075 


0.988 
0.943 
1.154 


0.956 
0.981 
0.983 


* Ratio of antibody-bound to free glucagon-I', 


serum differed from each other to a varying de- 
gree, excellent reproducibility was noted when the 
other 
up in duplicate on the same day (Figure 5A). 


same standards and materials were set 


Under these circumstances, the standard devia- 
tion from the mean of 35 consecutive duplicate 
B/F ratios of glucagon standard solutions was 

0.0436. 

In vivo recovery of exogenous glucagon. The 
disappearance rate of beef-pork glucagon-I'*! fol- 
lowing its intravenous injection in man has been 
studied previously by measurements of the level 
of trichloroacetic acid-precipitable radioactivity 
in plasma. Measurements in this laboratory in 
normal humans reveal a rapid logarithmic decline 
in glucagon-I'*' plasma concentration with a half- 
life of approximately 10 minutes. In order to 
test the ability of the immunoassay to measure 
exogenous beef-pork glucagon in vivo, 3 mg of 
unlabeled glucagon was injected intravenously, 
and blood specimens were drawn at intervals for 
1 hour thereafter. Measurements of glucagon 
concentration by means of the immunoassay gave 
a disappearance curve for exogenous glucagon 
quite similar in form to that obtained by radio- 
activity measurements after radioglucagon ad- 
ministration (Figure 6). The higher plateau of 
trichloroacetic acid-precipitable radioactivity is at- 
tributed to the altered glucagon-I'* which binds 
to serum proteins and disappears less rapidly than 
undamaged glucagon-I**?, 

Endogenous glucagon. Since an immunoassay 
for glucagon would be employed primarily for 
the study of endogenous glucagon levels in dogs 
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and in humans, it seemed important to determine 
whether cross reactivity between rabbit antibodies 
to beef-pork glucagon and canine or human glu- 
cagon exists. The pancreases of an anesthetized 
dog and of three deceased humans were obtained 
and immediately frozen. These organs were ex- 
tracted by the method of Sutherland and de Duve 
(17) and the dried residue reconstituted in chlo- 


ride-phosphate buffer containing 2 per cent albu- 


100- 


jU9dIs8q SWOIBITIW 





Glucagon 1" 


Glucagon 








0 ' . 
oe 20 40 


3mg. 1.V 
Minutes 


Fic. 6. The 
plasma disappearance rate of 3 mg of glucagon-I was 


GLUCAGON TIME-DISAPPEARANCE CURVE. 
determined after its intravenous injection into a normal 


subject (solid line) by measuring the trichloroacetic 
acid-precipitable radioactivity in plasma at multiple in- 
tervals for 1 hour after injection. In a second normal 
subject 3 mg of nonradioactive glucagon was injected 
and its rate of disappearance measured by means of the 
Although the absolute 


concentration of glucagon in myug/ml differed widely in 


radio-immunoassay (dotted line). 


each subject at any given time, the form of the two disap- 
pearance curves was quite similar when, as was done 
above, glucagon concentration was calculated as per cent 
of the peak 2.5 minute concentration. The higher values 
for glucagon-I™ obtained after 10 minutes are the result 
of persistent circulation of damaged glucagon-I*™ which 
does not disappear at a rate comparable with the un- 
damaged material, remaining bound to serum proteins. 
The blood glucose concentration of the patient who re- 
ceived nonradioactive glucagon is charted above; the 
other patient, whose blood glucose response curve is not 
charted, had a more striking hyperglycemic response. 
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TABLE 


Ill 


Measurements of endogenous glucagon in pancreatic extracts 





B/F ratios and glucagon concentrations in wuequivalents per ml 





Human 
pancreas 
R.M.* 


Human 
pancreas 


M.H.* 


Dilution of extract Dog pancreas 


0.005 B/F 
>10,000 pug /ml 


1:10 0.007 B/F 


:20 0.310 


0.061 B/F 0.059 B/F 


100 6,800 pug/ml 


:400 0.391 B/F 


1:800 0.890 B/F 


Total glucagon content 22.4 ug 26-36.3 ug 


of organ (uEq) 


* Obtained 2 hours post mortem. 
t Obtained 5 hours post mortem. 


min to 1 ml per g of original wet weight. Ten to 
800-fold dilutions were then made with the same 
albumin-buffer l-ml samples of 
these dilutions were assayed for glucagon. Table 
III reveals the profound depression of B/F ratio 
caused by extracts of both human and canine pan- 
The esti- 
mated glucagon concentrations are expressed in 
micromicroequivalents of beef-pork glucagon per 
milliliter. the total glucagon 
content of pancreas of both species range from 
12.5 to 36.3 pEq of beef-pork glucagon. 

The results clearly demonstrate the existence of 


solution, and 


creas as compared with control organs. 


Calculations of 


canine and human glucagon and indicate that some 
cross reactivity with rabbit antibodies to beef-pork 
glucagon is present. 


DISCUSSION 


The data confirm the previously reported (9) 
antigenicity of beef-pork glucagon in rabbits. 
Furthermore, they indicate that in virtually every 
category examined glucagon-binding antibodies 
appear to resemble insulin-binding antibodies. 

Like insulin antibodies, glucagon antibodies are 
of the nonprecipitating type and can, therefore, be 
detected only by such methods as the paper chro- 
mato-electrophoretic technique of Berson and co- 
workers (8) 
(15), each of which permits separation of free 


’ 


or the Skom-Talmage technique 


>10,000 pug/ml >10,000 npug/ml >10,000 uug/ml 


3,150 Mug / ml 


1,650 Mug /ml 


590 pug/ml 


Human 
liver 
R.M.* 


Human 
kidney 
R.M.* 


Human pancreas W.M.t 


Head Tail 


0.008 B/F 1.01 B/F 


0 uug/ml 


1.271 B/F 
0 wug/ml 


0.066 B/F 


0.864 B/F 
620 Mug ml 


0.314 B/F 
1,880 Mug / ml 


1.149 B/F 
0 wug/ml 


1.244 B/F 
0 pug/ml 


0.817 B/F 
710 pug/ml 


1.209 B/F 
0 pug/ml 


3.7 ug 8.8-13.4 ug 


glucagon-I*** from antibody-bound glucagon-I"*', 
Whereas the insulin-binding antibody of humans 
and guinea pigs is in the inter-y,B-zone, the glu- 
cagon-binding antibody of rabbits appears to mi- 
Kinetic 
similarities between insulin-binding and glucagon- 


grate electrophoretically as a y-globulin. 
binding reactions were observed. First, the reac- 
tion of glucagon and its antibody was found to be 
reversible. Second, like insulin-binding, glucagon- 
binding was governed by the law of mass action; 
at a constant antibody concentration, the amount 
of glucagon-I'*' bound increased as the concentra- 
tion of glucagon-I**', although the percentage of 
glucagon-I'*! bound decreased progressively. 
The only previous suggestion of glucagon anti- 
genicity consists of a report by Carleton, Greben 
and Schulman (21) of a hypotensive reaction fol- 
lowing an intravenous injection of glucagon in a 
patient who had previously had insulin shock 
therapy. Since commercial insulin is contami- 
nated with glucagon, it is possible that this was an 
instance of glucagon sensitivity in humans. Ex- 
cept for this unproven case, the present studies 
constitute the only evidence for glucagon anti- 
genicity in any species. Preliminary studies in 
our laboratory indicate the presence of small 
amounts of nonprecipitating antibodies to glu- 
cagon in some insulin-treated diabetic patients 


(22). Although the clinical significance of this 
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evidence of glucagon antigenicity in man is doubt- 


ful, it may be well to keep this possibility in mind 


in puzzling cases of allergy ascribed to insulin. 


The competitive inhibition by nonradioactive 
glucagon upon the reaction between glucagon-[**" 
and its antibody, fully predictable from the fore- 
going kinetic studies, provides the basis of the 
immunoassay. If, in a system containing traces 
of glucagon-I'*' and dilute antiserum, increasing 
amounts of nonradioactive glucagon are added, 
the B/F ratio of radioglucagon will progressively 
decline. A plot of the B 
the amount of nonradioactive glucagon added gives 


F ratio as a function of 


a characteristic curve which serves as the stand- 
ard curve of the assay. 

In contrast to bioassay methods which measure 
only “glucagon-like” activity, the radio-immuno- 
assay appears to be highly specific and exquisitely 
sensitive. The assumption of specificity is based 
upon the demonstrated lack of cross reactivity be- 
tween glucagon antibodies and polypeptide hor- 
mones other than glucagon, i.e., insulin, vasopres- 


sin, and ACTH. 


teclinique, at present 50 pug per ml, is greater 


The maximal sensitivity of the 


than the maximal sensitivity of the earlier bioas- 
say methods. Furthermore, additional increase 
in sensitivity is presumably possible. 

The marked competitive action in the assay 
system exerted by pancreatic extracts from both 
dog and man not only provides specific evidence 
of the presence of glucagon in both these species 
but gives assurance of at least some cross reac- 
tivity between rabbit antibodies to beef-pork glu- 


Al- 


though the low values for total pancreatic glucagon 


cagon and both human and canine glucagon. 


content may suggest that cross reactivity is rather 
limited, they may reflect postmortem glucagon 
destruction or inefficiency of the extraction tech- 
nique. In any case, since some cross reactivity 
is a prerequisite to the measurement of endogenous 
glucagon in these species, it seems possible that 
the immunoassay for glucagon will permit the ex- 
ploration of the hormonal status of endogenous 
glucagon in health and disease. 


SUMMARY 


Monthly 
cagon in Freund’s adjuvant resulted in the ap- 


injections in rabbits of beef-pork glu- 


pearance of nonprecipitating glucagon-binding 
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antibodies detectable both by the method of Berson 
and Yalow and that of Skom and Talmage. As in 
the case of insulin antibodies, the reaction between 
glucagon-I'*' and glucagon antibodies was a re- 
versible one, governed by the law of mass action. 

The preincubation of nonradioactive glucagon 
with antiglucagon serum reduced binding of glu- 
cagon-I'*! to a degree related to the quantity pre- 
incubated, thereby providing the basis of a radio- 
immunoassay for glucagon. Other peptide hor- 
mones, including insulin, did not influence glu- 
cage n-I'*!-binding, implying a high degree of 
specificity for the assay, which was found capable 
of measuring as little as 50 pug per ml of glucagon. 

The assay was used to measure the disappear- 
ance of glucagon following its intravenous injec- 
tion in a normal man. The resulting curve re- 
sembled in form the plasma disappearance curve 
of glucagon-[**", 

High glucagon concentrations, measurable in 
extracts of human and canine pancreas, indicate 
cross reaction between the glucagon of these spe- 
cies and antibodies to beef-pork glucagon, which 
should make possible the first specific explorations 
of circulating endogenous glucagon in health and 


disease. 
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THE RENAL EXCRETION OF CITRATE* 
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Amberg and McClure (1) first identified citric 
acid as a normal excretory product in human urine. 
(2) that 
creased greatly during metabolic alkalosis and 


Oestberg noted citrate excretion in- 
decreased during states of acidosis and thus varied 
Other investigators (3, 4) 
demonstrated that factors other than urinary pH 
Study of 


the metabolic pathways of citrate formation and 


with urinary pH. 
also altered the excretion of citric acid. 


utilization culminated in the classic paper of 
Krebs and Johnson (5) in which the tricarboxylic 
acid cycle was first postulated. Krebs included 
succinate, /-malate, and fumarate as participants 
in the “cycle.” Orten and Smith (6) reported 
that the intravenous administration of these di- 
carboxylic acids increased the urinary excretion 
of citrate, and malonate was also shown to have 
the same effect. Krebs, Salvin and Johnson (7) 
extended these experiments, demonstrated that 
oxaloacetate increased citrate and a-ketoglutarate 
output in urine, and suggested that malonic acid 
acted as a succinic dehydrogenase inhibitor rather 
than as a direct precursor of citric acid in the 
proposed cycle. No consideration was given to 
the renal clearance of citrate and the possibility of 
changes in tubular reabsorption, or of secretion, 
of this solute as a factor in altered urine citrate 
output, so that a greatly increased urinary excre- 
tion of citrate was accepted as prima facie evidence 
of increased endogenous production. However, 
the relative roles of filtration, tubular reabsorption, 
and secretion, together with the factors that in- 
fluence them, must be properly evaluated before 
conclusions are drawn regarding changes in urine 
citrate output as evidences of its altered metabo- 
lism. Herrin and Lardinois (8) did make stud- 
ies of citrate excretion in dogs with clearance tech- 

* This work was supported by Grant A668 from the 
National Institutes of Health. 

+ Present address: National Institute of 
Metabolic Diseases, National 
thesda, Md. 


Arthritis and 


Institutes of Health, Be- 


niques and noted marked elevation of citrate 
clearances after the administration of bicarbonate. 
Keyl 


ances 


and Lotspeich (9) measured citrate clear- 
in dogs after infusion of sodium citrate. 
These experiments suggested that citrate was fil- 
tered and reabsorbed and that there was no de- 
monstrable Tm for citrate at the highest plasma 
concentrations of citrate tolerated by the dog. 
The renal excretion of malic acid, one of the di- 
carboxylic acids in the citric acid cycle has been 
investigated in detail by Vishwakarma and Lot- 
speich (10), who demonstrated net tubular se- 
cretion of this acid by the dog kidney when the 
animals were given citrate, succinate or a-keto- 
glutarate. When 
other hand, there was net tubular reabsorption of 


l-malate was infused, on the 


malate with a definite Tm. 
The present experiments were undertaken to 


explore further the mechanisms of citric acid ex- 


cretion in the dog by means of clearance tech- 
niques. The effects of metabolic alkalosis, acido- 
sis, acetazolamide, and certain dicarboxylic acids 
of the tricarboxylic acid cycle on the renal ex- 
Part of 
this work has previously been reported in a pre- 


cretion of citric acid have been tested. 
liminary abstract (11). 


METHODS 


Mongrel female dogs, weighing 10 to 20 kg, were 
anesthetized with 20 mg per kg of sodium pentobarbital 
and maintained under light anesthesia for the duration of 
the experiment. Simultaneous clearances of citrate and 
creatinine were determined by standard clearance meth- 
ods (12) with serial clearance periods of 10 to 15 min- 
Blood samples were taken from the femoral 


obtained 


utes each. 
Renal 
by inserting a cardiac catheter into the jugular vein 


artery. arteriovenous differences were 
and passing it through the vena cava into the right re- 
nal vein. Simultaneous blood samples were then taken 
from the renal vein and the femoral artery. 

Creatinine was given as a priming dose of 500 mg 
and added in sufficient concentration in the subsequent 
infusion solution to maintain a serum level of approxi- 


mately 10 mg per 100 ml. In the experiments investi- 
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gating the effects of acidosis, alkalosis and acetazolamide 
on renal handling of citrate, a 0.05 M solution of sodium 
citrate was slowly infused into a peripheral vein, the 
rate being regulated at 3 ml per minute by a peristaltic 
action infusion pump. Arterial blood samples were taken 
every 10 minutes and the citrate clearances determined 
while the plasma citrate was progressively raised to 
approximately 20 mg per 100 ml. Metabolic alkalosis 
and acidosis were effected by intragastric administration 
of sodium bicarbonate or ammonium chloride solutions 
during the 24 hour period prior to the experiment. 

In the experiments testing the effect of acetazolamide, 
doses of 50 mg per kg each were given orally 24, 12, and 
1 hour before the experiment. In certain of these stud- 
ies the effect of acetazolamide and concomitant metabolic 
alkalosis was determined. It was necessary to give two 
to three times the alkalinizing dose of bicarbonate used 
in control animals to achieve the same degree of eleva- 
tion of plasma bicarbonate levels in the animals re- 
ceiving acetazolamide as in the controls. 

Experiments were also performed to test the effect of 
malic, succinic, and malonic acids on the renal clearances 
of citrate. These dicarboxylic were given by 
priming the animals with solutions of the sodium salts, 
supplying 3 mmoles per kg body weight. 


acids 


This was fol- 
lowed by a constant infusion of the sodium salts as a 
0.05 M solution at a rate of 3 ml per minute. 

Creatinine was measured by the picric acid method as 
modified by Brod and Sirota (13), citrate as described by 
Natelson, Pincus and Lugovoy (14), CO, content by the 
manometric technique of Peters and Van Slyke (15); 
and pH with the Beckman glass electrode. 


RESULTS 


Effect of metabolic alkalosis and acidosis. Fig- 
ure 1 illustrates the clearance of citrate with ris- 
ing plasma citrate concentrations during states of 
normal (25 to 29 mEq per L), elevated (40 to 45 
mEq per L) and reduced (15 to 19 mEq per L) 
concentrations of serum bicarbonate. In the ex- 
perimenis in which serum bicarbonate concentra- 
tions were in the physiological range, citrate was 
not excreted in the urine in the periods before the 
intravenous injection of this ion and did not ap- 
pear until the concentration of citrate in plasma 
reached 6 to 8 mg per 100 ml. In the metabolic 
acidosis experiments citrate was not found in the 
urine until the plasma level was raised to 13 mg 
per 100 ml, but after induction of metabolic alka- 
losis, citrate was excreted even at normal plasma 
concentrations of 2 to 4 mg per 100 ml. The 
citrate to creatinine clearance ratios were com- 
pared in the normal, acidotic and alkalotic states 
during periods when the plasma citrate concen- 
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Fig: 1. THE 


ACIDOSIS ON THE CITRATE TO CREATININE 


EFFECT OF METABOLIC ALKALOSIS AND 
CLEARANCE RA- 
Solid 


symbols indicate results of experiments in one animal; 


TIO AT VARIOUS SERUM CITRATE CONCENTRATIONS. 
hollow symbols the data from experiments in a second 


dog. 


tration had been raised to the same level (18 mg 
per 100 ml). 


in the normal state, 0.2 during acidosis and 0.4 


The ratios were approximately 0.3 
during alkalosis. The rate of urine flow during 
the infusion of citrate was in the same range in 
the experiments in the bicarbonate-loaded dogs 
as in the control studies (between 4 to 8 ml per 
minute). The effect of bicarbonate-induced alka- 
losis on citrate clearance could not be correlated 
with urine volume. In one of the acidosis ex- 
periments, urine flow was reduced to less than 1 
ml per minute but in the second was maintained 
at over 4 ml per minute. No evidence of a Tm 
for citrate was seen as the plasma citrate levels 
were raised to approximately 20 mg per 100 ml. 
This concurs with the data of Keyl and Lotspeich 
(9), who found no Tm for citrate at the highest 
citrate loads tolerated by the dog. 

Effect of acetazolamide. 
trate at normal and at elevated plasma concentra- 


tions of citrate is illustrated in Figure 2 in a 


The clearance of ci- 


dog given bicarbonate alone (serum HCO,, 40 to 


43 mEq per L), acetazolamide (serum HCO,, 17 
to 20 mEq per L) and both bicarbonate and aceta- 
zolamide (serum HCO,, 31 to 35 mEq per L). 
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ACETAZOLAMIDE WITH AND 


THE 


THE EFFECT OF 


METABOLIC 


Qe 4 
WITHOUT 
CREATININE CLEARANCE RATIO AT 


ALKALOSIS ON CITRATE TO 
NORMAL AND ELEVATED 


SERUM CITRATE CONCENTRATIONS. These data represent 


results of repeated experiments in a single dog 


After administration of acetazolamide to the alka- 
lotic dog, citrate was not excreted at the normal 
plasma levels of 2 to 4 mg per 100 ml, indicating 
complete tubular reabsorption of this ion despite 
the alkalosis. 
at fasting and at increased plasma citrate concen- 


Citrate clearances were compared 


trations in three dogs during metabolic alkalosis 


with and without acetazolamide administration. 


HARRISON AND H. E. 


HARRISON 


The results are shown in Table I. Although at 
normal plasma citrate concentrations no citrate 
was excreted during the acetazolamide periods, 
after citrate infusion tubular reabsorption of ci- 
trate was no longer complete. The clearances of 
citrate were less in the acetazolamide-treated dogs 
at comparable plasma concentrations, but in two 
of the three dogs the creatinine clearances were 
decreased after the vigorous treatment with 
acetazolamide. 

Effect of malate, succinate, and malonate on 


The effect of sodium /-malate 


citrate clearance. 
upon the excretion of citrate is shown in Figure 


2 


3. As /-malate was infused, the clearance ratio of 
citrate to creatinine increased rapidly, and the 
citrate clearances became equal to the creatinine 
clearances within the limits of error of the meth- 
ods. In this experiment there was no change in 
serum citrate levels, which remained at the fast- 
ing level between 2.1 and 2.6 mg per 100 ml, and 
the serum bicarbonate concentration was 28 mEq 
per L. The experiment was repeated under con 
ditions of alkalosis with a serum bicarbonate con- 
centration of 40 to 44 mEq per L and again a 
citrate to creatinine clearance ratio of 1 was not 
exceeded. When sodium citrate was added to the 
infusion fluid along with the malate, the citrate 


clearance decreased so that the citrate to creatinine 


FABLE I 


The effect of acetazolamide on renal clearance of citrate in dogs with metabolic alkalosis, 
before and after loading with sodium citrate 


Control period 
Serum 
Type of 
experiment Citrate 
mg/100 ml mEq/1 
NaHCO . 41 48 


NaHCO 3 35 23 


+. 


acetazol. 


NaHCO 
NaHCO 


+ 


acetazol. 


NaHCO; 
NaHCO 


+ 


acetazol. 


Clearances* 


HCO Creat. 


ml/min 


High citrate period 


Serum Clearances 


Citrate Citrate HCO Creat. Citrate 


mg/100 ml mEq I 
6.1 13 41 


0 15 35 


* Results are expressed as an average of three collection periods. 
+ Figures listed represent the results of the final clearance period The serum citrate values are the maximum 


achieved in these experiments 


In the results given on Dog A clearance periods were selected in which the serum citrate 


concentrations were approximately the same in the NaHCO; and acetazolamide experiments. 
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TABLE II 


An experiment illustrating the effect of succinate and of succinate 
plus bicarbonate loading on citrate clearance 


Serum Clearance 
Citrate/creat. 
Period HCO; Citrate clearance ratio 


mEq/1 mg/100 ml 
25. ay i 
26 4 

16 


26.7 


ml/min 


Prime: 
Infuse: 


sodium succinate, 3 mmoles/kg 
sodium succinate, 0.15 mmoles/min with creatinine 


29.4 EY 138 
29.0 J. 69. 
29.0 x 69. 


69.5 
68.0 
68.0 


sodium bicarbonate, 7 mmoles/kg 
sodium succinate, 0.15 mmoles/min with creatinine and bicarbonate 
68.8 6 

58.8 5 
6 


70.3 


Prime: 
Infuse: 
5.6 0.95 
A 0.89 
or 


0 0.86 


clearance ratio was less than 1. Injection of suc- tubular reabsorption of citrate was inhibited by 


malate. 


cinate produced an effect similar to that of malate, 


the citrate to creatinine clearance ratio again ap- 


proaching unity. When, in addition, sodium bi- 
carbonate was infused, the serum bicarbonate was 


elevated from 26 to 36 mEq per 100 ml without 


Utilization of citrate was strikingly de- 
creased after malate injection, averaging about 10 
per cent of control values. The citrate that con- 
tinued to be utilized after malate infusion approx1- 


mated, within the limit of experimental error, the 


increasing the citrate clearance above the filtration estimated excess of utilized over filtered citrate 


rate (Table II). Injection of the sodium salt of | during the control period. 


malonic acid, which acts in vitro as a succinic acid 


dehydrogenase inhibitor, did not alter the effect DISCUSSION 


of succinate on the citrate clearance. In the stud- Oestberg (2) concluded from his early experi- 
: ¢ . rs : & \- ane) 
ies of malate excretion by Vishwakarma and 


ments that urinary pH was the most important 
Lotspeich (10), 


the tubular secretion of malate — factor governing citrate excretion. It was later 
after injection of succinate was blocked by malo- 


nate. 


shown, however, that the variations in citraturia 


The effect of malonic acid alone is seen in Table 
III. Its behavior was similar to that of malate 


RATIO 





and succinate in that it, too, increased the citrate 
clearance until it was approximately equal to the 
glomerular filtration rate. 


CLEARANCE 
° 
@ 
ages 


Effect of malate on utilization of citrate. By 
simultaneous measurement of renal clearances of 


°o 
oa 
—— 


citrate and creatinine and of renal arteriovenous 
differences of these solutes, the utilization of ci- 


° 
b 
een 


trate may be calculated. 
Table IV. Renal plasma flow was cal- 
culated by the formula of Wolf (16) from the 
renal arteriovenous difference of 


Representative data are 


oO 
N 


shown in 


al L 1 1 1 A. 


0.4 0.8 12 1.6 2.0 2.4 
GMS MALATE INFUSED 





creatinine and 


CITRATE / CREATININE 


the creatinine clearance. After three control pe- 


riods /-malate was infused, and citrate utilization fic. 3. EFFECT OF 
CITRATE. 


EXPERIMENT 
MALATE 


ILLUSTRATING THE 


calculated during the control periods and after INFUSION ON THE CLEARANCE OF 
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rABLE Ill 


An experiment illustrating the effect of malonate on citrate clearance 


Serum Clearance ; 
Citrate/creat. 
Period HCO; Citrate itrate clearance ratio 
mEq/L mg/ 100 ml ml/min 
25 40.5 0.0 0.0 
45.0 0.0 0.0 
42.3 0.0 0.0 


4 
. 
2 


J. 
> 
3. : 
4. 


Prime: sodium malonate, 3 mmoles/kg 
Infuse: sodium malonate, 0.15 mmoles/min with creatinine 


2.60 30.2 
2.78 30.1 
2.78 31.8 


a 
2 
2 


observed following the intake of food could not when the urine is made alkaline by bicarbonate 
be explained solely on the basis of urinary acid- feeding in the absence of acetazolamide, an in- 
base relationships. Recent evidence concerning creased citrate excretion results; but in experi- 
the effect of potassium on urine citrate excretion ments in which acetazolamide and bicarbonate are 
has been presented by Cooke and co-workers (17), given simultaneously, there is complete tubular 
who noted in rats a large increase in the output reabsorption of citrate at fasting serum concentra- 
of citrate and also of a-ketoglutarate following po- tions in the face of a markedly elevated urinary 
tassium administration to potassium-deficient ani- pH and an increased serum pH. This suggests 
mals with hypochloremic alkalosis. This occurred that tubular reabsorption of citrate is influenced 
in experiments in which the urine pH was un- by acetazolamide by a mechanism not dependent 
changed. Evans, MacIntyre, MacPherson and _ upon alteration of pH either of urine or of extra- 
Milne (18) have presented similar data in a po-_ cellular fluid. Evans and colleagues (18) and 
tassium-deficient man. Potassium chloride ad- Milne, Scribner and Crawford (21) have devel- 
ministration resulted in an increased excretion of oped the hypothesis that renal tubular reabsorp- 
citrate and a-ketoglutarate in urine, although the — tion of citrate is controlled by the pH within re- 
urine pH dropped. The dissociation of urine pH nal tubule cells rather than by urine pH. <A 
and citrate excretion is further shown by the ef- reduced intracellular pH in _ potassium-deficient 
fect of acetazolamide, which decreases citrate ex- states could then explain the diminished citrate 
cretion in rats and man although urine pH is in- clearance which has been found. The alterations 
creased (19, 20). In the present experiments, of pH in renal tubule cells are only conjectural 


TABLE IV 


An experiment illustrating the effect of malate on citrate utilization by the kidney 


Renal Citrate 
plasma Creatinine Citrate /creat ee . . 
flow clearance clearance ratio Plasma *iltered Excreted Reabsorbed Utilized 


ml. min ml/min me/100 ml me /min me/min 
250 80.2 0.0 2.66 mK 0 
286 4.7 0.0 2.62 0 
1 0.0 2.29 ; 0 


257 3. 
Prime: sodium malate, 2 mmoles/kg 
Infuse: sodium malate, 0.15 mmoles/min with creatinine 


4 358 6 1.03 .6€ 2.19 2.27 0 0.27 
5 314 a 1.04 . 2.16 2.29 0 0.77 
6 368 - 1.10 : 2.19 2.43* 0 0.01 


* During this clearance period citr>te excreted exceeded that calculated to be filtered by 10 per cent. This single 
datum would be compatible with tubular secretion but is probably within the range of experimental error. 
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so that this hypothesis has not been subjected to 
any real test. The pH of the renal tubule cell in 
the alkalotic dog given acetazolamide is unknown. 

Vishwakarma and Lotspeich (10) have clearly 
shown that in the dog, malic acid is secreted by 
the renal tubules after infusion of citrate, a-keto- 
glutarate, and succinate. No evidence of tubular 
secretion of citrate is seen in the data presented 
here. The citrate clearance becomes approxi- 
mately equal to, but not greater than, the creati- 
nine clearance when the structurally related or- 
ganic acids—succinate, malate, and malonate— 
Increasing the serum and urinary 
by administration of sodium bicarbonate 


are infused. 
pH 
along with these dicarboxylic acids does not af- 
The 
combination of metabolic alkalosis and elevation 
of plasma citrate concentration also does not re- 
sult in citrate clearances greater than the simul- 
taneously measured glomerular filtration rate. 
Renal clearance measurements can demonstrate 
tubular secretion of a solute only if addition of the 
solute to tubular urine is greater than any reab- 


fect this maximal clearance in any way. 


sorption that may occur. 
cannot of themselves, therefore, exclude bidirec- 
tional transfer of solute in the renal tubule if reab- 
sorption is equal to, or greater than, the transfer 
of solute from cell to tubular urine. 
ceivable, then, that fluctuations in citrate excre- 
tion under the experimental conditions imposed 
may result from alterations in the addition of ci- 
trate from the cells as well as in the tubular reab- 
However, the probability 
seems greater that the important variable is in tu- 
bular reabsorption of citrate. Certainly, none of 
the procedures pushed citrate excretion beyond 
the estimated amounts filtered through the glo- 
meruli. The essential coincidence of the citrate 
and creatinine clearances in a number of experi- 
ments in which dicarboxylic acids were injected 


Clearance experiments 


It is con- 


sorption of citrate. 


suggests virtually complete inhibition of tubular 
reabsorption of citrate by malate, succinate, and 
malonate which is overcome when the filtered ci- 
trate is increased by injection of sodium citrate. 
This latter phenomenon suggests a competitive 
mechanism. 

Serum citrate levels increase little if at all after 
the injection of malate or succinate despite the 
manyfold increase in urine excretion. This also 
suggests that these dicarboxylic acids increase 
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citrate clearances by competition with this ion 
for a tubular reabsorptive mechanism rather than 
by increasing cellular production of citrate through 
Furthermore, the 
effect of succinate is not reversed by addition of 


the tricarboxylic acid cycle. 


malonate but rather, malonate itself has an effect 
similar to that of malate and succinate. 

Finally, we have confirmed the observation of 
Martensson (22) and Herndon and Freeman 
(23) that the amount of citrate removed by the 
kidney is somewhat greater than that calculated 
to be filtered. This indicates that the citric acid 
metabolized by the kidneys is not derived solely 
from that 
However, after the administration of malate, uti- 


There 


taken up from the tubular lumen. 
lization is decreased by 80 to 90 per cent. 
are two possible interpretations of this phenome- 
non. One is that an increase of malate within 
the cell inhibits citrate utilization, and the conse- 
quent increase in intracellular citrate concentra- 
tion blocks tubular reabsorption of citrate. An 
alternative and more probable explanation is that 
the greatest part of the citrate utilized by the kid- 
neys is obtained from the luminal side of the re- 
nal tubular cell by a process of reabsorption which 
can be competitively inhibited by malate, succinate, 
or malonate. A small but definite percentage 
probably diffuses into the tubule cell from the 
peritubular space by a mechanism that is not af- 
fected by the presence of other tricarboxylic acid 
cycle substrates. 


SUMMARY 


The effects of acidosis, alkalosis, acetazolamide, 
and certain organic acids of the tricarboxylic acid 


cycle on the renal excretion of citric acid in the 


dog have been investigated by means of standard 
clearance techniques. Citrate clearances are in- 
creased by alkalosis and diminished by acidosis. 
Tubular reabsorption of citrate is complete at 
normal serum concentrations in alkalotic, aceta- 
zolamide-treated dogs, suggesting that acetazola- 
mide increases the tubular reabsorption of citrate 
at ordinary filtered loads by a mechanism unre- 
lated to the pH of urine or of plasma. 

When plasma citrate concentrations are raised 
to eight to ten times normal values, the citrate 
clearances are still less than the glomerular filtra- 
tion rate even though metabolic alkalosis is super- 
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imposed in an effort to inhibit tubular reabsorp- 
tion of citrate. The citrate clearances become 
equal to the creatinine clearances after infusions 
of sodium /-malate at normal or increased plasma 
bicarbonate concentrations. Sodium succinate 
also increases citrate clearances so that they are 
equal to the filtration rate, and this effect is not 
influenced by addition of the succinic dehydrog- 
enase inhibitor, malonic acid. During these ex- 
periments the concentration of citrate in the plasma 


remains in the normal range. The intravenous 


injection of sodium citrate reverses the effect of 


malate on tubular reabsorption of citrate. The 
renal utilization of this ion as calculated from re- 
nal arteriovenous differences and simultaneous 
urinary clearance measurements is strikingly in- 
hibited by the injection of /-malate. 

These data are consistent with a renal mecha- 
nism of citrate excretion involving filtration and 
reabsorption without tubular secretion. The re- 
absorption and subsequent utilization of filtered 
citrate by the tubule cell appear to be competitively 
inhibited by the tricarboxylic acid cycle substrates 

-malate and succinate—and also by malonate. 
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Since the work of Kety and Schmidt in 1948 
(1), it has been apparent that the carbon dioxide 
tension of the arterial blood is an important factor 
blood 


These workers showed that hyperventilation, with 


in the control of cerebral flow in man. 


its consequent hypocapnia and alkalosis, is asso- 
ciated with a decrease in cerebral blood flow and 
Con- 


inhalation of 


an increase in cerebral vascular resistance. 
versely, hypercapnia, induced by 
carbon dioxide, resulted in an increase in cerebral 
blood flow and a decrease in cerebral vascular 
resistance. Only the effects of marked alterations 
in carbon dioxide tension were reported. Since 
this work appeared, it has become evident that the 
cerebral vessels are commonly confronted with, 
and can respond to, smaller changes in carbon 
dioxide tension. Previous studies in this labora- 
tory (2) have defined the threshold and pattern 
of response of the cerebral vessels to induced hy- 


percapnia. Observations on the cerebral vascular 


response to reduction in arterial carbon dioxide 


tension over a wide range, with special emphasis 
upon the early phases of this response, form the 
basis of the present report. 


METHODS 


The subjects were normal adult male volunteers with 
a mean age of 38 and an age range of 30 to 50 years. 
All studies were done in the forenoon with subjects in 
the supine position. 

I. Cerebral blood flow 
by the nitrous oxide technique of Kety and Schmidt (3) 
as modified by this laboratory (4). The subjects breathed 
Paired blood samples for N.O, 


was measured in six subjects 


the gas for 10 minutes. 
O, and CO, contents and pH were withdrawn from in- 
dwelling needles placed percutaneously in the brachial 
artery and in the internal jugular bulb after local anes- 


* Supported by a grant (NIH H-3361) from the Na- 
tional Institutes of Health, Bethesda, Md., and in part 
by Office of Naval Research Contract Nonr 1134(01). 
Presented in part before the Southern Society for Clini- 
New 
part of a presentation before the American College of 
Physicians, San Francisco, Calif., April, 1960. 


cal Research, Orleans, |a., January, 1959 and as 


thesia. After a control resting cerebral blood flow de- 
termination, the subjects hyperventilated for 15 minutes, 
and the blood flow was 
carried out during the last 10 of these 15 minutes. Pul- 
pneumo- 


second cerebral determination 


monary minute ventilation was measured by 
graphs on the lower thorax and epigastrium calibrated 
on the subject against a spirometer at the time of the 
experiment, or by a recording Tissot gasometer collecting 
the expired air. Arterial pressure was recorded with a 
Statham P23D, or P23G strain 
Polyviso recorder from the indwelling brachial arterial 


gauge and a Sanborn 


needle. 
tegration or by adding one-third of the pulse pressure to 


Mean pressures were obtained by electronic in- 


the diastolic pressure. 

The N.,O content of the blood was determined by the 
method of Kety and Schmidt with slight modifications 
(4). The O, and CO, contents of arterial and jugular 
venous blood were determined by the gasometric tech- 
nique of Peters and Van Slyke (5) as modified for the 
presence of N,O by Kety and Schmidt (3). Arterial pH 
was measured with a Cambridge model R pH meter with 
CO, 
terisions were obtained from the pH, CO, content and 


appropriate corrections to body temperature (6). 


hematocrit by the nomogram of Singer and Hastings (7). 

The cerebral oxygen consumption was calculated as 
the product of cerebral blood flow and the cerebral ar- 
teriovenous difference for oxygen, and the cerebral vas- 
cular resistance was calculated by dividing the mean ar- 
terial pressure by the cerebral blood flow. 

II. The series of experiments described above estab- 
lished that cerebral oxygen consumption was not altered 
by voluntary hyperventilation (see Results, I). Since, 
by the Fick equation, cerebral oxygen consumption is 
equal to the cerebral blood flow times the arteriovenous 
oxygen difference, and since cerebral oxygen consump- 
tion was unaltered by hyperventilation, it follows that 
cerebral blood flow is proportional to the reciprocal of 
the arteriovenous oxygen difference, or CMRo. = CBF > 
(A-V)o, or CBF = CMRo./(A-V)o, but CMRo.= K. 
Thus CBF « 1/(A-V)o:. 

The percentage change in cerebral blood flow may then 
be calculated as the experimental 1/(A-V)o, divided by 
the control 1/(A-V) o.. 
QO, saturation are linearly related, the (A-V)o, may be 


Since (A-V)o, and percentage 


expressed as percentage O, saturation rather than con- 
verted into difference in O, content expressed as volumes 


per cent. In the second series of experiments, 11 sub- 


jects were studied on 19 separate occasions, by means of 


brachial arterial and internal jugular venous oxygen 


saturations, determined oximetrically by drawing blood 
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through 2 Waters oximeter cuvets with a syringe-pump. 
Readings were taken from double-scale oximeter galva- 
been 


shown that a single individual can accurately read 2 


nometers. Repeatedly in this laboratory it has 
double-scale galvanometers equipped with transmittance 
scales at a rate greater than 4 times per minute. Optical 
density scales have been found to be more difficult to 
read rapidly The 
corded by a second individual, who also called the time 
After control arterial and venous 


with accuracy. readings were re- 


for the next reading. 


oxygen saturations were recorded and control arterial 
blood samples drawn for CO, tension and pH, various 
levels of hyperventilation were maintained by the sub- 
oximeter readings had _ stabilized 
At this point arterial blood 

Blood 


corded just before and between the 2 arterial samples by 
The level of hyperventila- 


jects until the new 
(usually 2 to 3 minutes) 
samples were again drawn. pressure was re- 
the method described above. 
tion was then altered and additional oximeter readings 
and arterial blood samples were taken. In these ex- 
periments, the CO, tension was determined by the bubble 
equilibration technique of Riley, Proemmel and Franke 
(8). 


ceding 


Ventilation was measured as described in the pre- 
section. Alveolar ventilation was calculated, as- 
suming a dead space of 150 ml. 

Statistical methods. 
control 


A trial plot was made relating 


percentage of cerebral blood flow on the ordi- 
nate and decrease in arterial CO, tension on the abscissa. 
The mean values of percentage cerebral blood flow and 
CO, tension for each 2.5 mm Hg decrease in CO, tension 
were then calculated and plotted (shown as open circles 
in Figure 1) and a curve was visually fitted to these 
mean points. A flattening out of the curve occurred at 
larger decreases in CO, tension, suggesting a logarithmic 
relationship. In addition, trial plots of the data from 
individual subjects on a given day on semilogarithmic 
paper also suggested a general logarithmic relation with 


a threshold as expressed by Equation 1: 
y-atbaete [1] 


where y = CBF expressed as per cent of control, a= y- 
slope which measures individual responsive- 
ness of CBF to x, «= log(— APco.) and e 


component variation 


intercept, b 
a random 
from 


representing physiological 


moment to moment as well as errors of measurement. 
This equation was written for mathematical convenience 


in the following form: 


2 1 rz7 


y=m+bd(x —£) +.¢ [2 


CBF 


mean of x values for the individual. Since 


where m = mean value for the individual and 
& = arithmetic 
the Z is a mean, the original a is replaced by a mean CBF 
value or m in Equation 2 

The threshold value of APcoz can be derived from Equa- 


tion 2 by setting y = 100 per cent to yield: 
100 = m + blog (— APCO2) threshold 


Rearranging and dividing by } gives: 


log (— APCO2) threshold =z 
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Taking the antilog of both sides of the equation yields: 


: . m — 100 _ 

(APCO2) threshola = — antilog (2 + b ) [5 
Equation 2 was fitted to the data from each individual 
by the method of least squares, i.e., estimates for m and 
b were determined so as to minimize the sigma ec’. The 
curve for a “typical” subject was defined as that curve 
given by the mean estimates. The arithmetic means of 
the individual values for m and b were inserted in Equa- 
tion 2. The error (¢) was dropped to give the typical 
curve. Approximate confidence limits for the typical 
curve are easily derived from large-sample theory utiliz 
ing the observed variances and covariances of the estimated 
m’s and b’s. The approximate 95 per cent confidence 
limits, calculated by standard methods (9), for the esti- 
mated typical curve are presented in Table I. We may 
suppose that the true “typical” curve lies somewhere 
between these confidence limits (this statement is made 
with 95 per cent confidence) and the “best guess” as to 


its exact location is given by the estimated typical curve 


RESULTS 


I. The results of the first series of experiments 
(Table I]) show that, with a mean increase in 
total minute ventilation of 5 L per minute and an 
alveolar ventilation of 2.9 L per minute, there 
BO; 
tension of 6.3 mm Hg and a rise of pH of 0.06 U. 


was a resultant decrease in mean arterial 


Associated with these changes there was a mean 
decrease in cerebral blood flow to 79 per cent of 
the control level. The cerebral vascular resistance 
increased significantly while mean arterial blood 
pressure changed insignificantly. On the other 
hand, the cerebral oxygen consumption was not 
altered by the act of voluntary hyperventilation. 
II. In the second portion of this study, the per- 
centage change in cerebral blood flow was calcu- 
lated from the change in (A-V)o, expressed as 
The in- 


per cent of control cerebral blood flow. 


dividual data are presented in Table III. A 


rABLE I 


95 Per cent confidence limits for 
calculated mean curve 


95% Confi- 

APaco Mean CBF dence limits 
mm He “% control 

—5 84 

10 75 

15 70 

20 60 

25 63.7 
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rABLE II 


Cerebral blood flow, pulmonary ventilation and related functions * 


Resp. 
rate per 


Alv. vent. pH CO content 


(Vir —0.15) 


Subjects 


Mean 


Tot. vent. 


Cc 


10.67 


minute 


Cc 


rate 


L/min 


10. 


a3; 
13. 
1 
2 


E 


ssa 


Venous 


Arterial 


Cec rerere) 


49.99 


Venous 


E 


vol % 
$1.35 
53.49 
51.51 
53.09 


o—-OnNO 
an 
Cunry 


Oe On Un 


wen 
on 


51.58 


wn 
oe 
y 


51.84 


> >> bb 


mUMawan 


Arterial 


NRNMAUIAS 
—awounNe - 


wv 
oo 


Venous 


E 


mm Hg 
49.2 46.6 
50.8 47.0 
48.7 41.7 
48.9 45.0 
48.9 39.0 
46.9 32.9 


48.9 42.0 


mm Hg 


Ox content 
Pulse 


Subjects 


6 


Venous 


vol % 


10.19 
11.06 
10.41 
11.39 
10.34 
12.18 


10.06 
10.31 
9.52 
9.66 
8.87 
9.07 


16.92 
17.65 
17.87 
16.51 
15.76 
17.57 


16.96 
17.86 
18.18 
17.43 
16.53 
18.01 


per minute 


Cc 


63 
90 


72 


72 


68 
61 
90 
73 


ml/1 


38.29 
46.58 
55.88 
57.1 

67.46 
64.92 


00g/min ce 0 ml 
38.75 
38.45 
42.49 
40.1 


47.09 
49.37 


100 g/min 


2.67 
2.90 
3.68 
KF 
3.61 
3.94 


mm H 
100 g 
2.27 
1.70 
1.62 
1.88 
1.19 
1.23 


g/m 
mtn 
) 


) 
1 


i 


y 


¢ 


Mean 10.93 9.58 17.05 17.50 72 72 55.04 42.71 79.3 2 3.32 1.65 


* C =control period, quiet breathing; E =period of voluntary hyperventilation; CBF =cerebral blood flow; CMR0o:2 =cerebral oxygen con 


sumption; CVR =cerebral vascular resistance. 

graph (Figure 1) was constructed relating per- periments provided 2 to 4 points on the figure. 
centage of control cerebral blood flow on the ordi- The percentage of control cerebral blood flow was 
obtained from oximeter data as previously de- 


The plotted change in arterial CO, ten- 


nate to decrease in arterial CO, tension on the 


abscissa. With two exceptions, individual ex- scribed. 


TABLE III 


Individual data AP co, vs cerebral blood flow (CBF) as percentage of 
control determined by arteriovenous oxygen difference 


Pco2 (mm Hg) CBF (% control) 


Subjects Observations : 2 3 
62.0 
64.5 
67.0 
69.8 
71.6 
76.6 
60.8 
75.9 


| 


! 
! 
oe ee a 

o 


1 
2 
3 
4 
5 
6 
7 


— 


8 
g* 


| 


10 


11 
12 
i" 
14 
15 
16 
17 
18 
19 
20 
21 


Eb ky 


| 


| 


to } | 
Qe IG OO UT Gh DS UG 1 1 0 BR Ot 


CODK AWK DOD HR HW HH Uw bd 


—1.. 
—1. 
— 15. 
—21.1 


—22.0 
—14.7 


—5.9 


71.8 


108.0 
82.6 
95.3 
87.5 

102.1 

91.0 

68.7 

59.0 

83.0 

69. 


3 
3 
76.5 


101.0 
78.8 


86.0 
86.7 
86.0 
84.2 
61.3 
64.0 
64.6 
66.1 


* The statistical method employed (see Methods) precluded the use of the data from these individuals. 


90.9 


98.0 
98.0 
94.0 
61.8 


58.2 
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OR CBF AS PERCENTAGE OF CONTROL VALUE 
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RELATION OF CONTROL CEREBRAL BLOOD FLOW 


TENSION. On 


blo« rd 


flow as measured by the reciprocal of the arterial-internal 


INCREASE IN ARTERIAL CARBON DIOXIDE 


ordinate is the per cent of control cerebral 


jugular venous oxygen difference. On the abscissa is 
the observed decrease of arterial CO, tension from the 


solid 


average 


control value (zero). Each circle represents a 


values for cerebral 


., (open circles) for each 2.5 mm Hg 


single observation. The 
blood flow and AP, 
decrease in C( ), ter sion are included for reference. The 
mean curve was determined as described under Statistical 
Methods. 


n 
a 
°o 


RCENTAGE OF CONTROv VALUE 


PE 


Vv) OR CBF AS 


(A 


5 « 


ANGE IN ARTERIAL pCOo 


Fic. 2. CEREBRAL VASCULAR RESPONSE TO ALTERATIONS 


IN ARTERIAL CARBON DIOXIDE TENSION. The ordinate is 


the percentage of control cerebral blood flow as meas- 
jugular 


ured by the reciprocal of the arterial-internal 


venous oxygen difference. On the abscissa is the ob- 


served decrease or increase in arterial CQO, tension. The 
curve in the lower left quadrant is the mean curve from 
The curve in the upper right quadrant is de- 
rived from previous data from this laboratory (2) to 


which new data in the higher CO, ranges were added. 


Figure 1. 
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sion is the difference between the control and ex- 
perimental values. The equation for the com- 
posite curve, calculated as described under sta- 
y =776 + (—29.1) (¢ —- 


A reduction in cerebral blood flow was 


tistical methods 


0.918). 
initiated by a reduction in arterial CO, tension of 


only 2 mm Hg. 


Was: 


With further reduction in CO, 
tension, the blood flow fell rapidly but with dimin- 
ishing response per unit change in CO, tension. 
A 25 mm Hg reduction in arterial Peo. was asso- 
ciated with a 34 per cent reduction in cerebral 
blood flow, and extrapolation of the curve sug- 
gests that the vasoconstrictor response would not 
exceed a value of 40 per cent reduction in cere- 
bral blood flow. 


DISCUSSION 


A graph of the full range of cerebral vascular 
response to alterations in arterial CO, tension 


may now be plotted (Figure 2). 


Using the tech- 
nique of arterial and internal jugular venous ox- 
imetry, 14 points from three subjects breathing 
various concentrations of CO. were added to the 
previously reported data defining the pattern of 
cerebral vasodilation in response to hypercapnia 
(2). There is a striking difference in the re- 
sponse to hypocapnia as contrasted with the re- 
sponse to hypercapnia. With decrease in arterial 
CO, tension, there appears to be a small (ap- 
proximately 2 mm Hg) threshold, beyond which 
further decrease in tension is accompanied by a 
sharp decline in cerebral blood flow. Since ar- 
terial blood pressure changes were negligible dur- 
ing these experiments, the curve of the phenome- 
non serves as an index of cerebral vasoconstriction. 


As the 


there is a decreasing response per unit of diminu- 


arterial CO, tension declines further, 


tion in arterial CO, tension. In response to hy- 
percapnia, however, after a threshold of about 
4.5 mm Hg, there is a nearly linear response of 
cerebral blood flow to the increase in arterial CO, 
tension throughout the observed range. In one 
subject cerebral blood flow increased to a peak 
value 3.5 times control. 

Teleologically, the pattern of response is for- 
tunate. Cerebral vasoconstriction with resultant 
diminution in cerebral blood flow imposes a hazard 
Studies by Finnerty, 
that a 


to vital cerebral function. 


Witkin and Fazekas (10) have shown 


reduction in cerebral blood flow of 40 per cent is 
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associated with obvious symptoms of cerebral 


ischemia. It is of interest that the curve of Fig- 
ure 2, when extrapolated, suggests that the vaso- 
constrictor response will not exceed this 40 per 
cent level of reduction in flow. Lesser degrees of 
reduction of cerebral blood flow are associated 
with a demonstrable diminution in mental ability 


(11). 


vasculature to progressive hypocapnia can be ex- 


The diminishing response of the cerebral 


plained by the body’s introduction of physiologi- 
cally antagonistic mechanisms tending to produce 
vasodilation, which become increasingly power- 
ful as hypocapnia increases. Since the cerebral 
metabolic rate for O, remains constant in hyper- 
ventilation and blood 


creases significantly, each milliliter of blood tra- 


since cerebral flow de- 
versing the brain will reach the venous end of the 
capillary after a greater amount of O, has been 
extracted and a larger amount of CO, added. 
Both hypoxemia and hypercapnia are potent cere- 


(1). 


capillary or venous gas tension changes affect ex- 


bral vasodilators It is not known if end- 
clusively, or even primarily, the caliber of the 
vessels which are 
The authors, like 


at the site of these changes. 
many others, have speculated 
regarding some retrograde mechanism, such as 
the axon reflex, whereby the arterioles “feel” the 
effects of changes of gas tensions occurring down- 
stream. To our knowledge no direct evidence 
is as yet available. In addition, akalosis, induced 
by hyperventilation, has a moderate vasodilator 
effect (12). 
tension which occurs with voluntary hyperventila- 
tion during air breathing would have little or no 
vasoconstrictor effect (1). 


The slight increase in arterial O, 


On the other hand, 
there is little physiological antagonism to the vaso- 
dilator effect of hypercapnia. With hyperventila- 
tion induced by inspiring gas mixtures of high 
CO, content in air, there is again a slight increase 
in arterial O, tension. In addition, the increase 
in cerebral blood flow with constant cerebral O, 
consumption allows the capillary and venous blood 
to have a further increase in O, tension but, as 
already noted, even a marked increase in arterial 
O, tension has only a weak vasoconstrictor effect 
(1). The role of the acidosis which accompanies 
hypercapnia remains unclear, although it is known 
that ammonium chloride infusions are associated 
with weak vasoconstriction in the cerebral vascu- 
lar bed (12). The shape of this curve, then, is 
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fortunate since serious cerebral hypoxemic symp- 
toms would result if the trend of the early re- 
sponse to hypocapnia persisted; on the other 
hand, the physiological price to be paid for vaso- 
dilation in response to hypercapnia is small. 
Since cerebral oxygen consumption remains 
constant during the extremes of natural sleep and 
intense mental activity (13), any change in cere- 
bral blood flow must result in a change in the con- 
tent of O, and CO, and in the pH of the blood in 
The intact normal organ- 
co, 
In view of this sta- 


the cerebral capillaries. 
ism, however, maintains arterial tension 
within a very narrow range. 
bility of arterial CO, tension and in view of the 
threshold type of response of the cerebral vascu- 
lature to alterations in CO, tension, it would ap- 
pear that under normal circumstances little change 
in cerebral vascular resistance could be expected 
as a result of fluctuations in arterial CO, tension. 
On the 


changes in perfusion pressure, this mechanism 


other hand, should there be marked 
for control of cerebral circulation would become 
operative. From the Fick equation, and the blood 
nomogram (7) or the physiological CO, absorp- 
tion curve (14) and the venous-arterial Peo, in- 
crease across the brain, the change in cerebral 
blood flow required to bring end-capillary and ve- 
nous Peo, to the vasodilator or vasoconstrictor 
threshold Such 


shows that a decrease of cerebral blood flow by 30 


can be calculated. calculation 
per cent would cause an elevation in end-capillary 
and venous cerebral CO, tension to the level at 
initiation of cerebral vasodilation would 
This 
response to the reduction in cerebral blood flow 
(2). 
end-capillary and venous O, tensions would cause 
further vasodilation. It might be anticipated that 


the combined action of the O, and CO, tension 


which 


occur. would represent a compensatory 


In addition, the simultaneous reduction in 


mechanisms would produce protective vasodilation 
in response to a decrease in cerebral blood flow of 
significantly less than the 30 per cent required for 
the CO. mechanism alone. Conversely, by similar 
calculations, it can be shown that if cerebral blood 
flow were to increase by 27 per cent, the decrease 


in end-capillary and venous CO, tension resulting 


from constant cerebral metabolism should initiate 
the CO,-induced vasoconstriction demonstrated 
in the previous sections. The function, then, of 
the CO, control of cerebral vasculature in re- 
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sponse to alterations in cerebral perfusion pres- 
sure is not extremely sensitive, but would be 
protective in cases of marked alterations. 

In contrast to the mild influence of CO, ten- 
sion in response to alterations in cerebral per- 
fusion is the major role which this mechanism 
must occupy in primary alterations of arterial 
CO, tension. During short periods of asphyxia 
or hypoventilation the increase in arterial CO, 
tension, and to a lesser extent the decrease in ar- 
terial O, tension, would serve to cause cerebral 
vasodilation and thereby increase cerebral blood 
flow. 

There are large numbers of commonly encoun- 
which associated with 


states are 


is striking that in 


tered clinical 
significant hypocapnia. It 
almost all of these, signs of cerebral dysfunction 
are occasionally or frequently seen. These con- 
ditions include pulmonary congestion as a result 
of congestive heart failure (15), pulmonary in- 
farction (16), pneumonia (17), alveolar capillary 
block (18), highly febrile states (19), certain 
acute cerebrovascular accidents (20), hepatic pre- 
coma and coma (21), intoxication with salicylates, 
(22) 


commonly, acute anxiety reactions (23). 


and, most 
A rela- 


tively small change in pulmonary ventilation can 


dinitrophenol and_ sulfanilamide 


produce significant lowering of arterial CO, ten- 


ALVEOLAR VENTILATION (L/Min.) 
VS 


ARTERIAL pCO2 





ARTERIAL pCOo (mmHg) 











Ul be. ~~ 


9 


ALVEOLAR VENTILATION (L/Min.) 


Fic. 3. 
ON ARTERIAL 


EFFECT OF CHANGES IN ALVEOLAR VENTILATION 
Arterial CO, 
tension (ordinate) is plotted against alveolar ventilation 


CARBON DIOXIDE TENSION 


(abscissa). Note that an increase in alveolar ventilation 
of 2 L per minute reduces arterial Peo, 10 mm Hg (re- 
plotted from Figure 14, Reference 24). 
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sion. For example (Figure 3), increasing al- 
veolar ventilation by only 2 L per minute will 
lower the arterial CO, tension by 10 mm Hg. 
This in turn will induce sufficient cerebral vaso- 
constriction to reduce cerebral blood flow by 25 
per cent. Such degrees of reduction in cerebral 
blood flow are associated with demonstrable de- 
terioration in mental capacity. The potential 
danger of hyperventilation in aviation has been 
recognized (25) and studied (11). Balke and 
Lillehei (26) found that significant psychomotor 
impairment could be regularly produced by vol- 
untary hyperventilation, and in some of their sub- 
jects marked impairment accompanied mild hy- 
pocapnia. In view of the demonstrated sensitivity 
of the cerebral vessels to hypocapnia, it is probable 
that the impairment in mental function is related, 
at least in part, to deficient cerebral blood flow. 


Recent animal studies have further stressed the 


importance of the hypoxia in brain tissue which 


accompanies hyperventilation, even with 100 per 


cent oxygen as the inspired gas (27, 28). 


SUMMARY 


The pattern of vasoconstrictor response of nor- 
mal cerebral vessels to reduction in arterial car- 
bon dioxide tension has been delineated. 

The response of the cerebral vasculature to hy- 
pocapnia was in sharp contrast to the vasodilator 
response to hypercapnia. Following a 4.5 mm 
Hg increase in arterial CO, tension required to 
initiate cerebral vasodilation, the increase in cere- 
bral blood flow per unit increase in CO, tension 
followed a curve which was steep and nearly 
linear. 

Reduction in arterial CO, tension beyond a 
small (approximately 2 mm Hg) threshold value 
initiated vasoconstriction. Further decrease in 
CO, tension resulted in a progressively small re- 
duction in cerebral blood flow per unit of CO, 
change. The data suggest that a diminution of 
cerebral blood flow to 60 per cent of its control 
value is the approximate limit of the vasoconstric- 
tor response to hypocapnia. 

In the regulation of the cerebral circulation, 
the chemical control is based primarily on changes 
in end-capillary and venous blood gas tensions 
which occur secondary to changes in blood flow, 


which in turn are the result of changes in perfu- 
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sion pressure. Calculations show that the vas- 
cular responses to CO, would be initiated by a 
change in blood flow of approximately 30 per cent 
in either direction. Simultaneous changes in O, 


tension probably increase the sensitivity of this 


chemical control mechanism. 
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If primary gout is an “inborn error of metabo- 
lism,” as has been postulated (1), all patients 
might be expected to share a common, underlying 
Dis- 


agreement has centered about the problem of 


defect to account for their hyperuricemia. 


whether the primary derangement involves an 
impairment of urate disposition or an acceleration 
of urate biosynthesis. 

In the past a variety of methods has been em- 
ployed to assess urate biosynthesis and disposition 
in gouty patients. The daily excretion of uric 
acid in the urine is a convenient parameter to 
measure but does not include that portion of urate 
production which is destroyed by uricolysis or is 
deposited in tophi in gouty patients. Benedict, 
Forsham and Stetten (2) and Bishop, Garner and 
Talbott (3) used uric acid-N** to estimate the mag- 
nitude of the body urate pool and its rate of turn- 
over. Benedict and co-workers observed that, in 
those gouty patients with extensive tophi and 
greatly expanded urate pools, such data may not 
provide a valid measure of urate synthesis, since 
uric acid from tophaceous deposits may dilute the 
administered isotopically labeled urate in a manner 
indistinguishable from that of newly synthesized 
uric acid. Urate biosynthesis has also been stud- 
ied by measuring the extent of incorporation of 
an isotopically labeled precursor into urinary uric 
acid. Some, though not all, of the gouty sub- 
jects studied were found to incorporate excessive 
amounts of glycine-N** into urinary uric acid (4, 
5). When trace amounts of glycine-1-C'* were 
used in similar studies, an excessive incorporation 
of isotope into urinary uric acid was found in all 
of the six gouty subjects first investigated (6), but 
subsequent studies showed that there were some 
gouty patients in whom excessive incorporation of 
glycine-1-C** into uric acid could not be detected 
(7-9). 


could exist in such gouty patients, yet fail to be 


An excessive production of uric acid 
reflected in the extent of glycine incorporation into 


urinary uric acid because of enhanced extra- 


renal disposal of urate through deposition in 
tophi or increased uricolysis 

The purpose of the present investigation was 
to evaluate urate production in gouty subjects in 
a manner that would allow corrections to be made 
Studies 


were performed with isotopically labeled glycine 


for the extra-renal disposal of urate. 


to evaluate purine synthesis and isotopically la- 
beled uric acid to evaluate the dynamics of the 
urate pool. The determination of the urate pool 
turnover provided an independent estimate of 
uric acid biosynthesis. The results obtained were 
correlated with clinical features of the disease and 
with urinary excretion of uric acid. On the basis 
of these studies, some conclusions were drawn re- 
garding the relative roles of excessive urate pro- 
duction and impaired urate disposition in the 
pathogenesis of the hyperuricemia of gout. 


METHODS 


Subjects. All normal control subjects were males, 


ranging in age 23 to 65 
dominantly young, healthy volunteers, but several older 


from years. They were pre- 
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subjects with mild degenerative osteoarthritis were in- 
cluded. Renal function, as assessed by routine urine 
analysis, blood urea nitrogen levels and the phenolsul- 
fonphthalein (PSP) excretion test, was unimpaired in 
all control subjects and in none was there a family his- 
tory of gout. 

All at- 


tacks of acute arthritis that had responded to colchicine. 


the gouty subjects had experienced several 
Their serum urate values were definitely within the hy- 
peruricemic range. All patients who were studied with 
isotopically labeled glycine had suffered attacks typical 
of acute gouty arthritis which responded to colchicine 
while under our care. Renal impairment was considered 
present when the blood urea nitrogen was more than 
22 mg per 100 ml or the PSP test revealed less than 
45 


or 


per cent of the dye to have been excreted in 2 hours, 
both. 

All studies were performed on gouty and normal sub- 
jects during hospitalization. They were maintained on a 
standard 2,600 calorie diet essentially free of purines, 
containing 70 g protein, 350 g carbohydrate and 100 g 


fat. At least 5 days was allowed for equilibration on 


THE 3-DAY AVERAGE 24-HOUR URINARY URIC ACID EXCRETION OF GOUTY MALES 
ON A PURINE-FREE 


DIET. 

the diet before studies were begun. No patients received 
medications other than colchicine, and this was omitted 
and for the 3 days after adminis- 
labeled Most 


gout had received some form of 


during the day prior to 
of 


tients with tophaceous 


tration isotopically compounds. pa- 


uricosuric therapy for varying periods of time prior to 
hospitalization. 

Materials. Glycine-N” was synthesized as previously 
(10, 11) 
to 62.7 


glycine. 


with an isotope abundance ranging 
different 
synthesized 
Boston) 
The 


recrystallization and 


described 
[ 58.8 


batches of 


cent excess for 
acid-2-C™ 


(obtained from Tracerlab, 


from atom per 


Uric was 


from urea-C™ Inc., 
by the method of Cavalieri, Blair and Brown (12). 
synthetic product was purified by 
its purity and identity established by reaction with uri- 
(13), 


an extinction coefficient, €.,, of 12,790. 


case The ultraviolet absorption spectrum showed 
The synthesized 
uric acid was diluted with carrier to give a specific ac- 


Uric acid-1,3-N”, 


ing 28.6 atom per cent excess of N”, was kindly provided 


tivity of 12.1 wc per mmole. contain- 


by Miss Jean Benedict. Samples of uric acid for intra- 


venous injection were sterilized by millipore filtration 


TABLE I 


Changes in serum urate levels induced by a purine-free diet 


Before diet 


Mean serum 
urate level 


Patients 


me% 
be fe 
9.45 


Normal 
Gouty 


On diet for 7 days 


Mean serum 
urate level SD 
me% 
4.69 
8.44 
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TABLE 


Incorporation of isotopically labeled uric acid and glycine into urinary uric acid 


7 day recovery of isotope 
in urinary uric acid 


Administered 
glycine 


Turnover 


Admin a 


Excretion, excreted istered Uncor Corrected 
uric acid (E/KA) uric acid rected (G/U) 
E 100 l G x< 100 


Serum Turnover 


Subject urate rate Turnover 
A K KA 


me% mg pools/day mg/day mg/day 


Normal controls 


Mean 


Primary gout, 


M.C. 


Primary gout, 


F.G.7** 


M.W. 
J.McG*tt 
W.O.* 
G.P.tt 
R.W. 
G.S.*tt 
T.S.** 
F.J.9tt 


Mean 


Cc PN OUN Uh 


1,290 0.46 
1,036 0.58 
1,088 0.67 
1,080 0.56 
986 0.61 
946 0.64 


1,071 


normal glycine incorporation 


Sur 
5.8 
8.9 
6.6 
7.6 


6.9 


1,670 0.46 
1,053 0.59 
1,510 0.44 
1,244 0.43 
1,490 0.44 


1,393 


excessive glycine incorporation 


2,618 0.49 
2,688 0.33 
2,563 0.39 
1,547 0.61 
2,590 
1,780 
2,660 
3,078 
2,567 


2,448 


593 
601 
729 
605 
601 
605 


622 


424 
388 
536 
461 
332 
455 


433 


SISUD I ie 
NNANN 


0.06 
0.18 
0.25 
0.30 
0.25 
0.33 
0.40 
0.29 
0.99 


Gout secondary to polycythemia vera 
O.R. 8.4 1,722 0.52 895 


678 


Essential hyperuricemia and (T.B., L.M.) renal urate lithiasis 


H.H. 6.5 1,413 0.51 721 
T.B.tt 8.1 2.134 0.70 1,494 
{. 6.1 1,280 0.46 589 


463 
1,112 
430 


* Patients who received glycine-N'5 and uric acid-2-C"; the remainder received glycine-1-C™ and uric acid-N!5. 


t No uric acid-N!* administered. 
t Minimal tophaceous involvement, X-ray evidence only. 


§ Patient R.McJ. developed evidence of polycythemia vera 2 years after this study. 


Five day incorporation. 


€ Diminished PSP excretion, less than 45% of the injected dye excreted in 2 hours. 


** Severe tophaceous involvement. 
tt Moderate tophaceous involvement. 


tt Patient T.B. is reported by his personal physician to have had one episode of acute arthritis since this study was performed, 


of the lithium salt in 5 per cent glucose solution. Gly- 
cine-1-C™ with a specific activity of 1.33 mc per mmole 
was obtained from Tracerlab of Boston. Hippuric acid 
(benzoyl glycine-1-C"), for preparing the self-absorption 
curve of this compound, was obtained from Nuclear- 
Chicago. Creatine-1-C", obtained from Volk Radio- 
Chemical Company, was converted to creatinine by heat- 
ing for 1 hour in an autoclave at 15 pounds’ pressure in 
0.5 HCl and isolated as the double salt of zinc chloride 
(14) for preparation of a self-absorption curve. 
Studies. Studies performed with isotopically labeled 
compounds were of two types: 1) patients received 0.72 
uc of uric acid-2-C™ intravenously, and at the same time, 
100 mg per kg of glycine-N” orally with their breakfast 
milk; 2) other patients received 36 mg of uric acid-N” 
intravenously and 5 uc of glycine-1-C™ orally with their 


breakfast milk. Sodium benzoate was administered to 


sample the glycine pool contributing to the synthesis of 
hippuric acid, as previously described (15). 

Analytical and isolation procedures, as well as the 
procedures for determining the radioactivity and N” 
content of samples, were performed as previously de- 
scribed (15). Calculations of the body urate pool and 
turnover were identical with those of Benedict and col- 
leagues (2). 

RESULTS 

Urinary uric acid and serum urate values on a 
standard diet. 
the daily urinary uric acid excretion of a group of 


The range of values obtained for 


normal and gouty males under careful dietary 
control is shown in Figures 1 and 2. The 22 nor- 


mal males showed a mean value of 426 mg per day 
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(SD=+ 81 mg). 


of values, less than 3 per cent of such a population 


Assuming a normal distribution 


would be expected to excrete more than 600 mg 
per day. This value was taken as the upper limit 
of normal. The mean values for 62 gouty pa- 
tients was 480 mg per day, which was within 
1 SD of the normal mean. The gouty patients 
(Figure 2) showed a much wider range of values 
than did the normal subjects. Thirteen patients 
(21 per cent) excreted more than 600 mg of uric 
acid in their urine per day, while a substantial 
number, especially those with renal damage, ex- 
creted abnormally small amounts. 

The effect on serum urate values of ingesting 
a purine-free diet for 1 week is shown in Table I. 
The values obtained after 5 days of the diet did 
not differ substantially from values obtained after 
7 days or longer. An equilibration period of 5 
days was therefore regarded as adequate prepara- 


tion for isotope incorporation study. 


SEEGMILLER, GRAYZEL, LASTER 


AND LIDDLE 


Incorporation of isotopically labeled glycine into 
uric acid. The specific activity of C' in urinary 
uric acid after the administration of glycine-1-C™ 
has previously been used (6) as an index of uric 
acid production. The range of values obtained in 
studies of nongouty control subjects shown in 
Figure 3 is superimposed upon values obtained in 
gouty subjects in Figure 4. The only patients 
who showed higher than normal values for specific 
activity (F.J. and T.B.) also excreted abnormally 
large amounts of uric acid daily in their urine. 
This relationship has been noted by others in ex- 
(4, 9, 16) as well as 


in experiments with glycine-1-C'* (9). 


periments with glycine-N*° 


The cumulative recovery of isotope in urinary 
uric acid during a given period of time after the 
administration of isotopically labeled glycine may 
be an even better index of uric acid production 
than the specific activities shown in Figure 4 (6). 
Such cumulative incorporation values obtained in 
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See Table II for details of study. 
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the present studies are presented in column G of 
Table II and in Figure 5. The very low values 
obtained for R.L. and F.G. raised the possibility 
that these subjects might be disposing of a con- 
siderable portion of their daily uric acid produc- 
tion by means other than renal excretion, thus 
lowering the amount of isotope that could be re- 
covered in their urinary uric acid. To determine 
the fraction of newly formed uric acid that failed 
to appear in the urine, isotopically labeled urate 
was injected intravenously. This labeled uric 
acid shared the same fate as urate synthesized by 
the body, hence the percentage of isotopically la- 
beled urate that was recovered in the urine equaled 
the fraction of newly synthesized urate that was 
excreted. The percentage of administered iso- 
topically labeled uric acid recovered in the urine 
in 7 days is shown in column U. By the seventh 
day, the abundance in urinary uric acid of the 
isotope from the administered urate had declined 
to 3 per cent or less of the peak value, except in 
M.W. and O.W., in whom this value was 5 per 
When these 
umn U) were used to correct the cumulative gly- 


cent. urate recovery values (col- 
cine incorporation values (column G) for the 
fraction of the uric acid which failed to appear in 
the urine, the resulting corrected values (last col- 
umn) represented the best approximation of the 
amount of isotope from glycine that was delivered 
to the body’s urate pool. The correction for ex- 
tra-renal disposal of uric acid is applicable to ex- 
periments in which either N*° or C'* was used as 
a label for glycine. 

Table II includes data obtained from studies in 
which glycine-N** or glycine-1-C'* was used. The 
two isotopes do not result in identical labeling of 
the uric acid molecule and therefore cannot always 
be strictly compared. The fact, however, that 
there were gouty subjects who showed glycine in- 
corporation values within the same range as non- 
gouty control subjects, whether studies were car- 
ried out with glycine-N*° or with glycine-1-C", is 
evidence that such normal glycine incorporation 
values are not an artifact of the method of study. 


DISCUSSION 


Corrected glycine incorporation into uric acid as 
an index of urate biosynthesis. The extent of in- 
corporation of isotopically labeled glycine into 


urinary uric acid is a very sensitive index of urate 
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biosynthesis when corrected for the newly syn- 
thesized uric acid that fails to appear in the urine 
because of extra-renal disposal. In the present 
study, allowance was made for this correction in 
determining urate biosynthesis in gouty patients. 
That the amount of uric acid disposed of by 
routes other than renal execretion can be suffi- 
ciently great as to completely mask the increased 
uric acid production of some gouty patients, is 
shown in Table II. The data in column G indicate 
that the increased glycine incorporation of Pa- 
tients F.G., M.W. and G.P. would have gone un- 
detected unless corrections for the extra-renal dis- 
position of urate were made. In Patients F.G. and 
G.P. the presence of tophaceous involvement prob- 
ably accounts for the large extra-renal disposition 
of urate. Although J.McG., G.S., T.S. and F-.J. 
also had tophi, their uncorrected values (column 
G) fell in the overproducer class. In these in- 
stances correction for the extra-renal disposition 
of urate served to accentuate the difference be- 
tween these patients and the controls. Even in the 
absence of tophaceous involvement the correction 
is of substantial proportions (R.L. and M.W.) 
and can affect the interpretation of data. The in- 
fluence of the correction is shown graphically in 
Figure 5. Since the magnitude of this correc- 
tion varies considerably, even among normal con- 
trol subjects (Table IT, column U), a consideration 
of such a correction in all subjects seems war- 
ranted. Nine of 14 patients with primary gout 
reported here had corrected glycine incorporation 
values (Table II, last column) above the range 
found in control subjects and were regarded as 
overproducers of uric acid. 

More significant, however, is the fact that there 
remained five gouty patients who gave no evi- 
dence of an increased uric acid production even 
when their extra-renal disposition of urate was 
taken The corrected glycine in- 


into account. 


corporation values of these five patients were in 


the same range as the nongouty subjects, whether 
glycine-N** or glycine-1-C'* was used. This group 
of patients had lower serum urate levels, less 
tophaceous involvement, smaller body urate pools 
and turnover, and lower 24-hour urinary uric 
acid excretion vahies than did the group of over- 
producers (Table II). As noted previously, each 
of these five patients had suffered repeated at- 
tacks of acute gouty arthritis that had responded 
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to colchicine during previous hospitalizations un- 
der our care. Although the serum urate levels 
of gouty patients R.L. and M.C. were within the 
normal range during the studies here reported, 
values of 7.8 and 7.9 mg per 100 ml, respectively, 
were obtained on other occasions while they were 
not on a purine-free diet. Similarly, Patients 
H.H. and L.M., with essential hyperuricemia, 
showed serum urate values of 8.1 and 6.8 mg per 
100 ml while not on a purine-free diet. The nor- 
mal size of the urate pool in M.C. and O.N. is at- 
tributed to their low serum urate levels and the 
absence of tophi. 

Some of the uncorrected values for glycine in- 
corporation into uric acid (column G, Table IT) 
obtained in studies of nongouty control subjects 
are slightly higher than values reported for con- 
trol subjects in other studies. With glycine-N”, 
values of 0.10 to 0.15 have been reported (4, 9, 
11), while values of 0.11 to 0.18 have been pub- 
lished for studies in which glycine-1-C'* was 
used (6,9). The value of 0.17 obtained in this 
study for Patient C.L. is in good agreement with 
the value of 0.18 obtained in a comparable study 
of this same subject by another investigator (6). 
It seems that nongouty subjects vary considerably 
in the extent to which they incorporate glycine 
into uric acid. This variation is in part a re- 
flection of the variable degree to which normal 
subjects dispose of uric acid by means other than 
renal excretion (Table II, column U). 

Urate 
biosyn thesis. 


turnover values as an index of urate 
An independent measure of uric 
acid production is provided by the urate turnover 
values (column KA, Table IT). 


values within the range of normal were found in 


Urate turnover 


those gouty patients with normal glycine incor- 
poration values, thus offering confirmatory evi- 
dence that uric acid production was normal in 
these patients. Errors in the urate turnover val- 
ues, as noted by Benedict and co-workers (17), 
result from the presence of easily miscible urate 
in the solid phase. The resulting error gives rise 
to turnover values in excess of actual uric acid 
production. Since the turnover values found in 
the present study of these five patients were nor- 
mal rather than elevated, they can be regarded as 
valid indices of uric acid production. Further 
evidence of the validity of the calculation of the 
urate pool size and turnover values is provided 
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by the good agreement (Table II) between the 
percentage of turnover excreted [(E/KA) xX 100] 
and the recovery of administered isotopically la- 
beled uric acid (column U). The absence of solid 
phase miscible urate in this group of patients with 
normal urate turnover values was confirmed by 
using the calculations described by Benedict and 
coworkers. 

Variation of uric acid production among gouty 
patients. 
acid among gouty subjects varied greatly from 


The magnitude of production of uric 
one patient to another. In some patients over- 
production was sufficiently great as to be reflected 
in their daily output of urinary uric acid which 
was up to two to three times greater than normal. 
From this extreme, the degree of overproduction 
ranged downward to patients in whom very 
modest increases were detectable only by the use 
of isotopically labeled compounds (Table II, col- 
umn KA and last column). The separation of the 
latter patients from gouty patients who produce 
normal amounts of uric acid was quite arbitrary, 
and it is probable that more studies would show 
complete merging of values for the two groups. 
Uric acid production in relation to the natural 
history of gout. The question as to whether ex- 
cessive production of uric acid is a characteristic 
of a given patient or merely represents a stage in 
the evolution of the disease, cannot be answered 
conclusively, although the evidence now available 
tends to support the former view. There seems to 
be no correlation between the amount of uric acid 
produced and the duration of the disease. Fur- 
Patient T.B., with hyperuricemia 


and urate renal lithiasis, excessive uric acid pro- 


thermore, in 


duction was present for several years before the 
first attack of acute gouty arthritis occurred. In 
addition, Patients T-.S. F.G., showed 
comparable degrees of extreme tophaceous in- 
volvement, differed greatly in the extent of their 


and who 


glycine incorporation. 

Repeat studies performed on some patients gave 
more direct support for the view that the degree 
of production of uric acid is, in most cases, a 


characteristic of the individual patient. The daily 


urinary excretion of uric acid in Patients T.B. 
and F.J. remained near 1,100 mg per day during 


several hospitalizations over the course of 3 years, 
while Patients M.C., O.N. and R.L. continued 
to have low excretion values during the same 
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time. Repeat studies with isotopically labeled com- 


pounds were performed in a few patients. In a 
second study, 20 months after the first, Patient 


M.C, had a urate turnover of 554 mg per day and 


a corrected glycine-1-C'* incorporation value of 


0.33 per cent, in excellent agreement with the 
After 46 the 
cosuric agents, the urate turnover value of Pa- 
tient J. McG. decreased from 1,102 to 766 mg per 
However, the corrected value for glycine- 


earlier study. months with uri- 


day. 
1-C** incorporation was 0.43 per cent, compared 
with the previous value of 0.40 per cent obtained 
with glycine-N**. That the extent of urate pro- 
duction may sometimes be familial is suggested 
by the fact that Patient F.J. has two gouty 
brothers whose daily urinary uric acid excretion 
also averaged approximately 1,100 mg per day, 
providing evidence that all three brothers produced 
excessive amounts of uric acid. 

An anomalous result was obtained in a second 
study of Patient E.H. In this study the corrected 
glycine-1-C** incorporation was 0.46 per cent 
compared with a corrected glycine-N** incorpora- 
tion of 0.22 per cent found 28 months earlier. 
The fact that the urate turnover value in the sec- 
ond study was unchanged (652 mg per day as com- 
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pared with 661 mg per day) is evidence against 
occurrence of a true change in uric acid produc- 
tion, since turnover values within this range are 
not subject to the errors previously discussed. 
A difference in his metabolism of the trace dose 
of glycine-1-C'*, as compared with the larger dose 
(0.1 g per kg) of glycine-N*°, may have contrib- 
uted to the disparate glycine incorporation values 
observed in this patient (6, 9). The studies of 
glycine incorporation into compounds other than 
uric acid (see below) may be relevant to this 
problem. 

Other examples of an excessive incorporation 
of glycine-1-C'* into urinary uric acid in the 
presence of a normal production of uric acid have 
been noted and possible explanations have been 
proposed (6,18). Evidently, glycine incorporation 
alone may not always provide a valid index of the 
magnitude of uric acid synthesis. 

Glycine incorporation into urinary creatinine 
and hippuric acid. 
glycine metabolism and several metabolically dis- 
An altered 


There are many pathways for 


tinct pools of glycine in man (19, 20). 
disposition of glycine in the gouty individual could 
conceivably result in the availability of a larger 


amount of glycine for purine synthesis. Although 


TABLE III 


Incorporation of glycine-1-C* into urinary creatinine and hippuric acid 


Incorporation 
into urinary 
creatinine 
Subjects in 7 days 


« 
« 


Normal 


0.31 
0.46 
0.32 
0.56 


10,544 


9,028 
15,499 


Primary gout 


M.C. 
R.Mc]. 
E.H. 
F.G. 
M.W. 
J.McG. 
G.P. 0.44 
T.S. 0.19 
F.J. 0.64 


0.28 
0.46 
0.30 
0.20 


13,932 
7,178 
18,867 
15,598 
9.953 
9,413 
10,716 
11,286 


Secondary gout 


O.R. 0.33 20,930 


2 3 


dpm/mmole hippuric acid tsolated 


839 
,286 
257 
,216 


1,961 
3,031 
2,899 
2,933 


,138 
,004 
131 
245 
,069 
,287 

824 
159 
661 


mW Uw se 
doh STU dO 


4 
z= 

=~ 
> 


w 
~ 
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1,892 


Essential hyperuricemia and renal urate lithiasis 


TB. 
L.M. 


0.64 
0.28 


11,936 
12,879 


1,306 


2,490 1,170 
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the particular glycine pool contributing to purine 


synthesis has not been characterized, gross al- 
terations in glycine metabolism might be reflected 
in the glycine pools contributing to the synthesis 
of creatinine and hippuric acid. For this reason 
the incorporation of glycine-1-C'* into the uri- 
nary hippurate and creatinine of gouty and non- 
gouty subjects was determined (Table III). In 
both groups of subjects a considerable range of 
variation was found, and no distinct pattern char- 
acteristic of the gouty subjects was discernible. 
The high specific activity in the early hippuric 
acid samples of Patient E.H. may have had some 
bearing on his increased incorporation of glycine- 
1-C'* into uric acid noted in the repeat study. 
Role of uricolysis as a cause of hyperuricemia. 
Since excessive uric acid production cannot be 
demonstrated in all gouty patients, other mecha- 
nisms for the production of hyperuricemia must 
be considered. The proposal that a decrease in 
uricolysis could account for the hyperuricemia of 
gout (21) has received no further support in ex- 
perimental work so far reported or in the present 
studies. The gouty subjects with normal uric 
acid production showed no decrease in extra- 
renal disposal of uric acid as compared with the 
control subjects (Figure 5). Present indications 
are that uricolysis is the result of bacterial ac- 
tion on uric acid contained in the gastrointestinal 
(2). 


secretions Although examples of com- 


plete recovery of injected isotopically labeled 
uric acid have been reported (3, 18), and we have 
noted two cases (one associated with the use of 
antibiotics), the relative infrequency of such di- 
minished uricolysis and its inconstancy argue 
against its being a significant cause of hyperuri- 
cemia. Since the salivary excretion of uric acid 


is increased with the elevation of serum urate 

levels (22), the gouty subject should show, if 

anything, an increase in intestinal uricolysis. 
Renal basis for hyperuricemia. 


ations leave by exclusion the suggestion that the 


These consider- 


hyperuricemia of those gouty patients who show 
no overproduction of uric acid may be the result 
of a reduced capacity to excrete uric acid. Some 
recent experimental evidence in support of this 
concept has come from the work of Nugent and 
Tyler (23) and from this laboratory (24). 

Certain drugs, such as chlorothiazide (25, 26), 
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hydrochlorothiazide (27), and pyrazinamide (28, 
29), can cause urate retention and even gout in 
subjects with no pre-existing gout or hyperuri- 
cemia. The action of these drugs not only pro- 
vides a model for a possible renal basis of hyper- 
uricemia, but also 


suggests a new etiological 


classification of drug-induced secondary gout. 


Urate retention after muscular exercise and in 
toxemia of pregnancy has been attributed to the 
increased amounts of lactic acid produced under 
these circumstances (30, 31). It is conceivable 
that other metabolites having similar urate-retain- 
ing properties could be endogenously produced 
and thereby induce a renal basis for hyperuricemia. 
At the present time there has been no evidence 
presented for the presence of such a urate-retain- 
ing substance in the urine or body fluids of those 
gouty patients who have failed to produce exces- 
sive amounts of uric acid. The infrequent oc- 
currence of clinical gout with the hyperuricemia 
of chronic renal disease as well as the absence of 
joint symptoms among the majority of hyperuri- 
cemic relatives of gouty patients, however, is evi- 
dence that factors in addition to an elevated serum 
urate level are involved in the genesis of acute 
gouty arthritis. 

It seems unlikely that any single inherited dis- 
turbance of purine metabolism common to all 
gouty subjects would explain both an increased 
and a normal uric acid production. It may be 
more useful at this time to consider the hyperuri- 
cemia of gout to be the result of a variety of me- 


tabolic and physiological disturbances. 


SUMMARY 


Uric acid production has been assessed in nor- 
mal, gouty, and hyperuricemic subjects by meas- 
uring the incorporation of isotopically labeled 
glycine into urinary uric acid and correcting such 
data for the disposition of the body’s urate pool 
as determined by the simultaneous administration 


of isotopically labeled uric acid. 


1. Nine of 14 patients with primary gout, 1 pa- 
tient with gout secondary to polycythemia vera, 


and 1 of 3 patients with essential hyperuricemia 
showed excessive glycine incorporation by our 
criteria, although the degree of such excessive in- 


corporation varied greatly. All patients who ex- 
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creted over 600 mg of uric acid in their urine per 
day while on a purine-free diet demonstrated ex- 
cessive glycine incorporation. 

2. The magnitude of the extra-renal disposition 
of uric acid varied considerably from one patient 
to another and masked excessive glycine incor- 
poration into urinary uric acid in 3 patients. 

3. There remained 5 gouty patients in whom no 
evidence of excessive uric acid production could 
be found. Both the extent of glycine incorporation 
and the independent parameter of urate turnover 
values were in the normal range. 

4. No evidence of a decreased uricolysis to ac- 


count for hyperuricemia was found in this group 


of gouty patients. 

These results indicate that the hyperuricemia of 
gout may be the result of a variety of metabolic 
and physiological disturbances. Such a hyper- 
uricemia seems to be a necessary but not a suffi- 
cient condition for the subsequent development 
of gouty arthritis. 
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The biochemical abnormalities in patients with 
“idiopathic hirsutism” are imperfectly understood. 
The fractionation and measurement of urinary 17- 
ketosteroids in these patients have been studied in 
several laboratories. It appears that this disorder 
is associated with increased production of an 
adrenal androgen which is reflected by increased 
excretion of urinary C,,O, 17-ketosteroids, in 
particular, androsterone and _ etiocholanolone ? 
(1-7). 


Pearson, West and Gallagher (2) and Brooks and 


Gallagher and co-workers (1), Kappas, 


Prunty (3) reported that the urinary 11-oxy-17- 
ketosteroids may also be increased in these pa- 
tients, and Bush and Mahesh (4) noted, in par- 
ticular, increased excretion of 11-hydroxyandro- 
sterone. These 1l-oxygenated steroids are pre- 
sumed to be derived principally from cortisol and 
11-hydroxyandrostenedione metabolism (8). By 


inference cortisol production in patients with idio- 


pathic hirsuitism has been thought to be either 
normal or high. To define further the nature of 
this adrenal abnormality, plasma cortisol levels 
have been studied in hirsute patients during 8 
hours of intravenous ACTH stimulation. 

The determination of plasma 17-hydroxycorti- 
coids has received wide acceptance and applica- 
abnormal adrenal function. 


tion in studies of 
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t Trainee, National Institute of Arthritis and Metabolic 
Diseases. 


Research Fellow, National Heart In- 


1Jn this paper the trivial names of the steroids have 

Cortisol: 

Prednisone: 
Cortisone : 
Etiocholanolone: 3a-hydroxy-etiocholane- 


been used. 118,17a,21-trihydroxy-4-pregnene- 
3,20-dione. 

3,11,20-trione. 
3,11,20-trione. 
17-one. 
11-Hydroxyandrosterone : 


17-one. 


drostene-3,17-dione. 


17a,21-dihydroxy-1,4-pregnene- 
17a,21-dihydroxy-4-pregnene- 
Androsterone: 3a-hydroxy-androstane-17-one. 
3a,118-dihydroxy-androstane- 
118-hydroxy-4-an- 
58-pregnane-3a,17a, 


11-Hydroxyandrostenedione : 
Pregnanetriol : 
20a-triol. 


Pregnanediol: 58-pregnane-3a,20a-diol. 


These methods generally depend upon the speci- 
ficity of the Porter-Silber (9) reaction after par- 
tial purification of a chloroform or dichloromethane 
While it appears that these 
methods satisfactorily reflect cortisol content of 


extract of plasma. 


plasma, work by Bondy and co-workers (10) and 
Morris and Williams (11), in which the plasma 
extract was carried through more rigorous puri- 
fication procedures before final quantitation, have 
given blood cortisol levels which were significantly 
lower than those obtained by the less specific pro- 
cedures. Since “idiopathic hirsutism’ has been 
postulated to represent a partial enzymatic block 


in cortisol synthesis (2, 


5), similar to the enzy- 
matic blocks now recognized in the congenital 
adrenal hyperplasias (12-14), it was felt desirable 
to measure blood cortisol in these patients. A 
paper chromatographic step to separate plasma 
cortisol from other adrenal products and _ their 
used. A_ reliable, technically 


derivatives was 


feasible method has been devised. 


MATERIALS AND METHODS 


Control subjects. Control subjects used in this ex- 
periment were healthy hospital personnel; they were sup- 
plemented with appropriate hospitalized patients and 
patients seen in our outpatient department for routine 
physical examination, minor psychoneurotic complaints 
or minor surgical or orthopedic problems. These sub- 
jects ranged in age from 20 to 40 years. 

Hirsute patients. 


referred to us with primary complaints of hypertricho- 


These were 10 consecutive women, 


sis; their mean age was 28 years. The onset of hirsutism 
was noted in each during her first postpubertal decade, 
and the duration of the complaint had ranged from 3 to 
20 years at the time of study. None had received estro- 
gen treatment and one had previously received a 1-year 
course of prednisone. 

It is realized that adult hirsutism remains a poorly 
understood condition and may well represent a spectrum 
of different The 
studied met the had 
without 


biochemical abnormalities. patients 


following criteria. All apparent 


hirsutism of the face and extremities signs of 


virilization. Body habitus and proportions were normal 
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in each case, none had clitoral enlargement, angular bald- 
ness or any of the clinical stigmata of Cushing’s syndrome 

i.e., ecchymosis, plethora, hypertension, manifest dia- 
betes, characteristic fat 
the patients indicated minor menstrual abnormalities, but 
the five married members of this group conceived with- 
wat difficulty. While patients with idiopathic hirsutism 
may have normal or elevated total urinary 17-ketosteroids 
these patients were chosen only if their total 17- 
24-hour urine 


distribution, striae. Some of 


(i... 3), 
ketosteroid and corticoid excretion in a 
specimen was within normal range. 
Adult 
neoplasms 
with the postpubertal analog of congenital adrenal hyper- 
jplas¥a, and the Stein-Leventhal syndrome (3, 15). It is 
wvost unlikely that the patients studied here represented 
to ovarian neoplasia or Cushing's 


hirsutism may be a manifestation of ovarian 


and Cushing’s syndrome and is associated 


hirsutism secondary 
syndrome, since they were selected from a clinical popula 
tion in which either of these two disease entities is ex- 
The and the 
criteria used in choosing the patients for study 


tremely rare duration of the hirsutism 


make 
these possibilities even less likely. 

Patients with the postpubertal form of congenital 
adrenal hyperplasia excrete increased quantities of uri- 


While 
neither of these criteria was fulfilled in any of our pa- 


nary 17-ketosteroids and manifest virilism (3). 


tients, their urinary pregnanediol and pregnanetriol ex- 


cretion was not studied. This form of adult hirsutism 


may therefore have been included in this series. Since 
none of these patients was surgically explored, the Stein 
Leventhal syndrome is not rigorously excluded and may 
these 10 


pelvic examination was normal in all the patients stud- 


also be represented in patients. However, 


ied, fertility problems were not noted in this group, 


and menstrual disturbance was unusual. 

One of the patients in this series had previously re- 
ceived a course of corticosteroid suppressive therapy. 
This B.C., at age 19 when originally seen 2 
years prior to this study, had control urinary 17-keto- 


steroid excretion of 29 and 27 mg per 24 hours on two 


patient, 


separate collections, and urinary corticoids in mid-normal 
range. She had been subsequently treated with 7.5 mg 
prednisone daily for 1 year without change in extent or 
rate of growth of hair, but had been off therapy for 1 year 
prior to being studied. At this time her urinary 17-keto- 
steroids were 10.0 and 11.5 mg per 24 hours. 

None of the control or hirsute subjects had evidence of 
hepatic, cardiac or renal disease, and all were normo- 
tensive. 

Urinary corticoids and 17-ketosteroids. These deter 
minations were done on aliquots of 24-hour urine col- 
lections. Urinary corticoids were measured on an alkali- 
and acid-washed ethyl acetate extract of urine after glu- 
curonidase hydrolysis, by the blue tetrazolium reduction 
Keutmann and (16). Normal 


adult values in this laboratory are 4 to 15 mg per 24 


method of Izzo, 3urton 
hours 
17-Ketosteroids 


Peterson and Pierce (17) 


were determined by the method of 


The normal range for adult 
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Uri- 


nary total 17-ketosteroids were used only as a criterion 


females with this method is 7 to 15 mg per 24 hours. 


for our initial selection of patients. No attempt was 


made to fractionate the 17-ketosteroids into individual 
components. 

ACTH tests. These were started at approximately 
9am. Forty U of ACTH? was added to 800 ml of 
5 per cent glucose in water atid inftised intravenotsly at 
an even rate over an 8 hour period; 25-ml blood saiiples 
were drawn in heparinized syringes before the start of 
the infusion and again at 2, 4 and 8 hours. Tlie plastna 
was separated from its red cells withiii 30 miniites of col= 
lection and frozen until atialyzed. 

Plasma cortisol determination, A 10 to 15 ml aliquot 
of plasma was brought to room temperature and trans- 
ferred to a 90 ml heavy-walled centrifuge tube. The 
plasma was adjusted to pH 9 with a 1 N solution of lithium 
hydroxide and immediately extracted with three 15-ml 
aliquots of chloroform freshly distilled from anhydrous 
Mixing achieved with glass 


potassium carbonate. was 


loop stirrers. After centrifugation the chloroform layer 
was drawn off with a 20 ml syringe equipped with a 
4 inch no. 18 blunt needle. A drop of 5 N acetic acid 
was added to the combined extract which was then taken 
to dryness under reduced pressure at 43°C. 

Sheets of Whatman no. 1 filter paper were washed for 
3 days with distilled water followed by 2 days with ab- 
solute methanol in a large chromatography cabinet. The 
plasma extracts were transferred to 2-cm wide strips of 
this paper, and concentrated at the origin by dipping the 
upper edge of the chromatogram into a mixture of ethyl 
acetate: methanol (1:1); the solvent ascended by capil- 
lary action (18). The paper was allowed to equilibrate 
overnight at 28°C in the Bush benzene: methanol : water 
(100: 55: 45) (18). 


chromatographed alongside the 


cortisol 
The 


procedure to the 


system Reference was 


extracts. plasma 


was carried through the extraction 
paper chromatogram in one working day and was not 
allowed to stand overnight at any intermediate stage 
The chromatograms were run for 3 hours after which 
the standard cortisol was located with ultraviolet light, 
and corresponding areas 4 to 5 cm long were cut from 
the paper strips containing the plasma extract. Oc 
casionally, paper blanks of 4 to 5 cm length were cut 
above and below the areas corresponding to the refer- 
ence cortisol. The cortisol area of the paper was placed 
on a coarse, sintered glass filter and eluted with three 
0.5-hour soaks in 2 ml of methanol 
eluate was pulled through the filter by application of mild 
The re 


methanol. Each 
The methanol was taken off in vacuo. 
transferred to 10 57 
removed 


suction. 


maining material was mm test 


tubes with methanol and the solvent under a 


stream of nitrogen. 

The samples were quantitated by the method of Silber 
and Porter (19). They stood overnight at room tem- 
perature with 0.5 ml of the phenylhydrazine: ethanol : 


sulfuric acid reagent and were centrifuged for 3 min 


ACTH by Armour Phar 


2 Supplied as corticotropin 
maceutical Co, 
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utes before being transferred to microcuvets for spectro- 
photometry. Routinely, known quantities of cortisol were 


similarly reacted. 
RESULTS 


Cortisol recovery from plasma, Table I sum- 
marizes the recoveries obtained with six different 
plasma samples. Known quantities of cortisol 
were added to aliquots of plasma and the plasma 
The 
cortisol recovery was 73.5 + 4.2 per cent (mean 

SD). 
20 ml can be satisfactorily and reproducibly proc- 


then carried through the entire procedure. 


It appears that plasma volumes of 10 to 


essed. The recovery was sufficiently reproducible 
so that a correction using C'*-cortisol carrier was 
not necessary. 

During preliminary investigations, marked vari- 
ability of recovery was noted. The probable ex- 
planation was that traces of sodium hydroxide 
used to alkalinize the plasma were carried over 


rABL!I 
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into the chloroform extract, resulting in alkaline 
degradation. Two lines of investigation supported 


this explanation: 7) losses were detected upon 


adding cortisol directly to a chloroform extract of 
alkalinized plasma; 2) losses were accentuated by 
allowing the dried chloroform extract of alka- 
linized plasma to stand overnight before further 
processing. Lithium hydroxide served as well as 
sodium hydroxide in diminishing the lipid con- 
tent of the extract, and in combination with the 
drop of acetic acid appeared to yield a more stable 
dry extract. 
Paper blanks. 


from each of 55 cortisol determinations on morn- 


Two paper blanks were taken 
ing plasma samples. The mean value for paper 
background was equivalent to 0.04 yg of cortisol, 
with a SD ot 0.04 Bg. 
paper background in the cortisol area is roughly 


If it is assumed that the 


equivalent to the average paper background ob- 


tained above and below this area, mean cortisol 


I 


Cortisol recovery from plasma 


Cortisol 


Volume 


extracted added 
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recovered cort. Recovery 
ME 
0.80 
1s 
1.42 
0.90 
1.24 
1.58 
.84 
18 
46 
80 
75 


a 


0.29 
0.63 
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values obtained with this method would be about 
0.4 wg per 100 ml too high. In routine use this 
correction adds little to interpreting the values ob- 
tained in the resting state or during ACTH stimu- 
lation, but for purposes of comparing our values 
with those published by other workers, the blood 
cortisol levels were corrected by the above value. 
All figures were also corrected for 74 per cent 
recovery. 
Normal values. Plasma cortisol was determined 
between 10:30 a.m. and 12 noon on 19 men and 
19 women. The concentration in males was 8.0 
2.4 pg per 100 ml, and the concentration in fe- 
2.9 (mean+ SD). 


were not significantly different (p > 0.2). 


The levels 
The 


value for the combined groups was 7.3 + 2.7 ug 


males was 6.7 


per 100 ml with a maximal range of 3.2 to 15. 
Plasma taken 
group of subjects between 8 :30 and 9 a.m. showed 


samples from a corresponding 


PLASMA CORTISOL 


11.2t3.3 
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a level of 10.6 


values were significantly higher (p< 0.001) than 


3.1 pg per 100 ml. The early 


those taken in the late morning. This observa- 


tion has been previously reported in plasma 17- 


hydroxycorticoid determinations (20, 21). 


ACTH tests. Seven male and five female con- 
trol subjects were studied with intravenous ACTH 
for 8 hours. The individual cortisol values, means, 
and standard deviations are plotted in Figure 1. 
Figure 2 shows a similar plot of the patients 
with idiopathic hirsutism. Patient M.S. responded 
differently ; a separate plot of her values is made. 
With this one exception, the hirsute group showed 
increased blood cortisol levels starting 2 
after the beginning of ACTH stimulation (p values 


shown relate to the significance of the difference 


hours 


between the two groups at each time-interval). 
We could not show different pre-ACTH values 


in the two groups. Several of the hirsute patients 


fo} 
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Fic. Z. 
“IDIOPATHIC 
plotted for comparison. 


started with unusually high resting cortisol levels. 
These were outpatients and had not been seen 
by us prior to the test day. The high pre-ACTH 
cortisol levels may be a reflection of the apprehen- 
sion manifest in these patients. Cortisol 
attained with ACTH stimulation showed no cor- 
relation with their respective pre-ACTH values. 


levels 


Urinary corticoids, Urinary corticoid values 
in the control group were 9.2 + 1.1 mg per 24 
hours before ACTH stimulation and 35 + 4.4 mg 
per 24 hours during the day in which the ACTH 
test was performed. Corresponding values for 
the hirsute group were 9.5 + 3.0 and 47 + 9.4 mg 
per 24 hours. The difference between the urinary 
corticoid levels in the two groups during ACTH 
stimulation is significant (p<0.01). Patient 
M.S. had a control value of 7.8 mg per 24 hours 


TO INTRAVENOUS 
The mean and standard deviation of the normal 


ACTH IN PATIENTS WITH 


response are 


and 26.0 mg per 24 hours on the day she received 
ACTH. 
DISCUSSION 
The plasma cortisol method described here uti- 
lizes procedures well known in steroid methodol- 


ogy. 
with paper chromatography and the routine ca- 


It demands technical excellence, familiarity 


pacity to carry the procedure through in slightly 


more than 2 days’ time, but it offers the rewards 
of specificity and reliability. 

The resting cortisol values obtained with this 
method are 10.6 
ml for early and late morning plasma samples. 


3.1 and 7.3 + 2.7 wg per 100 


These values agree quite well with those cited in 
the literature. Sweat (22) reported 10.8 + 2.6 


pg per 100 ml; Bondy and co-workers (10) gave 
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values of 7.7 + 3.5 and 8.6 + 3.7 wg per 100 ml 
for men and women, respectively; and Morris 
and Williams (11) gave a range of 6.5 to 10.5 
yg per 100 ml in a small series. In corirast, 
plasma 17-hydroxycorticoid determinations gen- 
erally give mean values 3 to 6 wg per 100 ml 
higher, with a relatively wide normal range and 
a larger standard deviation from the mean (20, 
23, 24). It is of interest that the differences be- 
tween the types of methodology appear to be main- 
tained and perhaps emphasized during ACTH 
stimulation. Eik-Nes and colleagues (25) re- 
ported that, after 2, 4 and 6 hours of intravenous 
ACTH stimulation, plasma 17-hydroxycorticoid 
levels were 28+ 7, 37 + 12 and 42 + 13 ug per 
100 ml, respectively, and Christy, Wallace and 
Jailer (26) gave a range of 35 to 54 wg per 100 
ml after 4 hours of ACTH stimulation. The val- 
ues reported here for 2, 4 and 8 hours of ACTH 
are 26+ 2.7, 31+4.5 and 36+5.3 pg per 100 
It appears likely that part of the 
difference may be due to the presence of variable 


mil, respectively. 


“c 


quantities of cortisone, and the “A” ring reduction 
products of cortisone and cortisol, in addition to 
nonspecific material, being measured in the 17- 
Other 


workers (10, 28) who have done both determina- 


hydroxycorticoid determinations (11, 27). 


tions on corresponding plasma samples have 
shown similar differences. 

Of the ten patients with idiopathic hirsutism, 
nine clearly showed increased plasma cortisol re- 
sponse to ACTH. It is realized that the blood 
cortisol level is a balance between adrenal pro- 
duction and peripheral removal of this hormone. 
It is unlikely that the rate of cortisol removal was 
appreciably altered in these patients for two rea- 
sons. As a group they were young, healthy indi- 
viduals without evidence of hepatic or renal dis- 
In addition, their urinary corticoids, which 
should reflect impairment of peripheral removal, 


ease. 


were significantly higher in the hirsute group than 
in the controls when stimulated with ACTH. It 
appears clear, therefore, that there was no limita- 
tion in the ability of their adrenals to produce 
cortisol. On the other hand, these individuals 
reacted sensitively to ACTH to produce supra- 
normal plasma cortisol levels. Any defect in 
peripheral metabolism of the adrenal steroids in 
idiopathic hirsutism has yet to be demonstrated ; 


an adrenal abnormality remains probable. 


CUSHMAN, JR. 
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Patient M.S. showed marked hirsutism and 
could not be distinguished from the rest of our 
group by clinical or the more usual laboratory 
criteria. 


however, was in the lower range of our normal 


Her plasma cortisol response to ACTH, 


patients, and this response was reflected by her 
low urinary corticoid excretion. Bush and Ma- 
hesh (4) have suggested that postpubertal virilism 
is not an entity that can be defined by a single 
functional classification but may represent a wide 
spectrum of biochemical abnormalities. How this 
one patient differs from the other nine remains 
unclear. 
plasia characteristically have low levels of plasma 
17-hydroxycorticoids and these levels fail to re- 
spond to ACTH stimulation (29, 30). 
tient conceivably may represent a mild form of 
this group, but detailed study of urinary steroid 
fractions is necessary for further elucidation. 
Several workers have suggested that a normal 


Patients with congenital adrenal hyper- 


This pa- 


pattern of 17-ketosteroid excretion may be re- 
gained in idiopathic hirsutism after a course of 
suppressive therapy with a corticosteroid, and 
this therapy may apparently result in prolonged 
correction of the biosynthetic abnormality (2, 31, 
32). Patient B.C., whose elevated urinary 17- 
ketosteroid excretion fell to within normal range 
subsequent to prednisone therapy, still showed 
plasma cortisol values at about the mean of our 
hirsute group when tested with ACTH. While 
all our patients had normal total urinary 17-keto- 
steroid values when studied, it is evident that 
they may still have had marked abnormalities in 
excretion of individual 17-ketosteroid components. 
The question remains, whether correction of the 
pattern of 17-ketosteroid excretion by cortico- 
steroid therapy in these patients is accompanied by 


any alteration in the abnormal cortisol response to 
ACTH stimulation. 


SUMMARY 


A method has been described for the determina- 
tion of cortisol in human plasma by which normal 
plasma cortisol levels have been measured. These 
values are 10.6 + 3.1 pg per 100 ml between 8 :30 

2 


and 9 a.m. and 7.3 
10:30 a.m. and noon. 


+ 2.7 pg per 100 ml between 


Ten women with “idiopathic hirsutism” were 
studied with intravenous ACTH tests. Plasma 


cortisol response and urinary corticoids were 





measured. 
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Nine of the ten patients responded to 


ACTH with increased levels of plasma cortisol 


and increased urinary corticoids, in comparison 
with a control group of subjects. 


The data support the view that in most pa- 


tients with “idiopathic hirsutism” there is no 


adrenal enzymatic limitation to cortisol synthesis. 


If 


there is an increased production of adrenal 


androgen by these nine patients, it appears to be 


accompanied by an increase in cortisol synthesis. 


his critical review of the manuscript. 
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THE EFFECT OF ANEMIA ON THE ALVEOLAR-CAPILLARY EXCHANGE 
OF CARBON MONOXIDE IN MAN * 
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Previous work has demonstrated that the ex- 
change of CO between alveolar gas and pulmo- 
nary capillary blood is at least partially limited by 
the rate at which it can combine reversibly with in- 
tracellular hemoglobin. The relative importance 
of the rate of gas diffusion across the pulmonary 
membrane and the rate of gas uptake by the red 
cells in determining the over-all rate of alveolar 
capillary gas exchange has been expressed by the 
relation (1): 


1/Dy = 1/Du + 1/6Ve [1] 


In this equation Dy is the over-all diffusing ca- 
pacity of the lungs and Dy is that of the pulmo- 
nary membrane alone, both given in milliliters of 
gas per minute per millimeter Hg; V.. is the aver- 
age volume of blood in the pulmonary capillary 
bed and @ is the rate at which 1 ml of this blood 
combines with CO in milliliters of gas reacting per 
minute per millimeter CO tension; @ equals the 


product of the number of grams of hemoglobin 
per milliliter of blood and the gas uptake rate per 


gram of hemoglobin. By analogy, the movement 
of gas between the alveoli and the red cell interior 
may be compared with the flow of electricity 
through two resistances in series where 1/Dy is 
the total resistance, 1/Dy is that of the membrane 
alone and 1/6V, is that of the average total mass 
of red cells in the pulmonary capillary bed at any 
instant; @ decreases as capillary O, tension rises, 
because O, competes with CO for intracellular 
hemoglobin, in effect lowering the chemical reac- 


tion rate. By measuring Dy, at two or more dif- 
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Insurance Medical Research Fund. It was presented as 
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ferent capillary O, tensions for which correspond- 
ing values of @ are known, the data can be ob- 
tained for the solution of Equation 1 for both Dy 
and V,. 

When the concentration of red cells in the pul- 
monary capillary blood is decreased, without any 
remarkable changes in the gas uptake rate of the 
individual cell, @ also decreases and the formula 
predicts that Dy, will decrease as well. In order 
to determine the physiological effects of anemia on 
gas exchange and also to confirm the validity of 
Equation 1, we have measured D,, Dy, and V, in 
five patients with severe iron-deficiency anemia 
without significant pulmonary disease, both be- 
fore and after therapy. 


METHODS AND SUBJECTS 
The pulmonary diffusing capacity was determined by 


a modification of the Krogh breath-holding 
(2), in which the seated resting subject makes a maxi- 


technique 


mal inspiration from residual volume of a gas mixture 
containing approximately 0.3 per cent CO, 10 per cent 
He, and the remainder O, and N,. 


is obtained from the expirate after a 10-second period of 


An alveolar sample 
breath-holding The expired alveolar sample was dried 
and analyzed on an infrared analyzer for CO, and on a 
continuously-sampling mass spectrometer for He, O, and 
CO.. 
sensitivity of the instrument to CO,; 4 per cent CO, gave 


Appropriate corrections were applied for the slight 


a response equivalent to 0.001 per cent CO. 

Measurements of Di were repeated at several alveolar 
oxygen tensions from about 100 to approximately 600 
mm Hg. The alveolar oxygen tension during the meas- 
urement of Dy was varied a) by having the subject in- 
spire gas mixtures containing different concentrations of 
oxygen during the actual measurement of Di; and b) by 
having the subject breathe 99.5 per cent oxygen or air 
for several minutes prior to the measurement. 

Knowing Dy, for different 
Equation 1 was solved graphically for Dy and V. (3); 6 


several oxygen tensions, 
was obtained from the data of Roughton and Forster (1) 
who use a value of 2.5 for the ratio of the permeability 
of the red cell membrane to that of the interior of the 
cell; 6 is proportional to the concentration of hemoglobin 


(or of normal red cells) in the blood. The values of 6 


1323 





J. RANKIN, R. 


were derived for an assumed blood hemoglobin concentra 
tion of 14.9 g per 100 ml (equivalent to an O, or CO 
When the pul- 


does not 


combining capacity of 20 ml per 100 ml). 
monary capillary hemoglobin concentration 
equal this value, @ may be obtained by direct proportion. 

The measurements of Di were corrected for the pres- 
ence of significant amounts of COHb in the mixed venous 
blood by subtracting the equilibrated CO tension owing to 
this compound. After washing out most of the nitrogen 
in the lungs by breathing approximately 100 per cent O, 
beforehand, which resulted in an alveolar O, tension of 
about 600 mm Hg, the equilibrated CO tension was ob- 
tained by breath-holding for 1.5 minutes. Estimates of 
equilibrated blood CO obtained in this 
manner before and after a group of measurements of D1, 
and the correct value for the individual measurement ob- 


tension were 


tained by interpolation and proportioned to the appropri- 
ate O, tension (4). The calculations are not precise for 
alveolar O, tensions of much less than 200 mm Hg, but 
are adequate for the present purposes. 

Residual volume was measured by the open circuit ni- 
trogen washout method of Darling, Cournand and Rich- 
ards inspiratory flow 
rates were calculated by the method of Cander and Com- 


(5). Maximal expiratory and 


roe (6). The evenness of distribution of inspired gas 
was measured in four of the five patients by the single- 
breath O, method (7). 

We desired subjects for this investigation who had 
physiologically normal lungs and cardiovascular systems, 


S. McNEILL 


FORSTER 


AND R. E. 


and who could be studied a) at a time when their blood 
hemoglobin was very low, and later b) when it had been 
raised by therapy. The most common condition in which 
these circumstances prevail is a previously undiagnosed 
anemia resulting from acute or chronic blood loss, im- 
mediately prior to and after blood transfusion. We were 
able to study only five patients fulfilling these criteria 
over a period of more than a year. Their vital sta- 
tistics, pulmonary function tests and primary diagnoses 
are given in Table I. 
repeated only in Patient 5, 
None of these patients had any history, physical 


Pulmonary function tests were 
whose average results are 
given. 
signs, or indications by X-ray examination of respira- 
tory disease. Since it is desirable to treat any patient 
with a markedly low hematocrit as soon as possible, it 
was difficult to obtain complete pulmonary function stud- 
ies (particularly arterial blood analyses) on each pa- 
tient while he was in his most anemic state, but this was 
largely accomplished, save in Patient 1. 

He had a with 
bleeding and this was considered the major cause of his 


large hiatus hernia gastrointestinal 
anemia, although some of the blood findings were not 
wholly explicable on this basis. Owing to his condi- 
tion, it was necessary to perform all studies while he 
was supine 

Patient 2 had large myofibromata of the uterus with 
She also gave a history 


The day 


before the first measurements of Dx, the patient devel 


considerable vaginal bleeding 
suggesting heart disease some 20 years earlier. 


TABLE I 


Vital statistics and results of pulmonary function tests * 
N:2 
unl- 


Patient diagnosis > Sex Cc RV TLC MIFR MEFR MBC formity 


ml ml ml L/min L/min 
1 re, : 4,650 3,450 
Hiatus hernia (3,850) (1,180) 


L/min QN2 
8,100 2 270 590 1.7 
(5,030) 


? 


30 1,690 ‘ 226 
(880) 


2 y Ie 

Uterine fibromata (2,890) 
e. 3 : a 3,570 1,828 
Uterine fibromata (2,800) (855) 


4 ; 5 2,760 
Carcinoma of 2,630) 
cervix 


2,365 
(800) 


5 - , 2,380 
Carcinoma of (2,670) 
cervix 


1,792 


(810) 


* Diagnosis refers to the condition producing the anemia via chronic blood loss. VC is vital capacity, RV residual 
volume, TLC total lung capacity (all in ml BTPS). Predicted normal values (8) are given in the parentheses. MIFR 
and MEFR are maximal inspiratory and expiratory flow rates in liters BTPS/min. The normal values are between 200 
and 600 L/min. MBC is the maximal voluntary ventilation in liters BTPS/min. The normal values are given in pa- 
rentheses (9). _N2uniformity [single breath N2 test (7) ] is the change in expired alveolar N2% between 750 and 1,250 ml 
of expirate. The normal value is 2% or less. The first study on Patient 1 had to be done supine. Pulmonary function 
studies were repeated about 1 week after treatment in Patient 5; average values are given. There wereno significant 
changes. 

t This figure is the percentage of N2 in the expired alveolar gas after breathing O» for 7 minutes. 
would be <2.5% (5). 


A normal value 





EFFECT OF ANEMIA ON PULMONARY DIFFUSING CAPACITY 


rABLE Il 


Results of measurements of diffusing capacity of the lung in five patients with anemia * 


Cell re 
sistance 
membrane 
Patient Hb Di D120 Da : resistance 


100 ml ml/min ml/min ml/min ml 
xmm He xXmm He Xmm He 


/56t 6.2 22.4 25 0 66.7 

/56 Transfused (27.2) (51. (82.0) 
1 L blood 

11.0 23.3 27.8 55. 105.0 

11.5 26.4 26.7 4.. 109.0 


56 Transfused 60 ml; stopped upon reaction 
56 i.2 14.0 a 6 91 
/56 Hysterectomy ; 6) $2.. (68.0) 
transfused 
/56 10.7 6.3 5. 7. 79 


3 Site 80.5 
Transfused (26. (50. (81.0) 
total 2 
L. blood 
25/56 


20/5 
Transfused 
25): 


30/5 
7/2-3/56 Transfused 
£5. 
blood 


56 9.2 yS Ds 50. 62.5 22 54 


* Hb is blood hemoglobin concentration. Dy is diffusing capacity of the lung as measured using an inspired gas mix- 
ture containing about 219% Os. Drj29, value of Dz corrected to alveolar Oz tension of 120 mm Hg according to Equation 
1. Dw, diffusing capacity of pulmonary membrane. Ve, volume of blood in pulmonary capillary bed, assuming that 
hematocrit of this blood equals that in the major vessels. Figures in parentheses are normal predicted values. Dy is 
predicted according to patient's surface area (2). Ve = 3.03 X Diz; Du = 1.87 XK Dry; and @ (2) at Pos = 120 mm 
Hg = 0.7 ml/min/ml normal blood/mm Hg CO partial pressure (3). Cell resistance/membrane resistance is ratio of 
resistance to diffusion of CO within the blood as compared with that across the pulmonary membrane. 6V. = ml CO 
entering average total red cells in pulmonary capillary bed in 1 second for a pressure gradient of 1 mm Hg 

t This study was performed with the patient supine; in subsequent studies he was sitting. 


oped an urticarial reaction, fever, and partial heart block essentially normal. although they were extremely 


ations so -_ ae fracs Cavan: m > sae “ 
after receiving about 60 ml of a transfusion. Several weak and found it difficult to cooperate in these 
days after her transfusion reaction she had a hysterec- ; rT . 

° ao studies. Patient 1 was unable to sit up, two pa- 
tomy and oophorectomy with blood replacement. The : : 
measurements of Di were repeated after the operation. tients could not be moved to the pulmonary func- 
Patient 3 had large myofibromata of the uterus with tion laboratory before treatment and only limited 
severe vaginal bleeding. She was studied before and studies could be done. Vital capacity was within 
after blood transfusion in preparation for subsequent normal limits, while the residual volume and total 


hvsterec 7 ‘ ‘ ‘ ‘ ian 
cage : Toa lung capacity were increased in all patients. The 

Patient 4 had carcinoma of the cervix with vaginal : . : ; 
; ratio, residual volume/total lung capacity, was 
bleeding producing a severe anemia. She was studied 30) . | ‘ 1 : 
before and after blood replacement. above 30 per cent in each patient but less than the 
Patient 5 had carcinoma of the cervix with extension ¢Xpected value if age is considered (8). Other 
into the pelvis and her only symptom was severe vaginal than the general condition of the patients, we have 
bleeding. no adequate explanation for the increased residual 


volume. However, since neither significant air- 
RESULTS AND DISCUSSION ; aoe ae os 
way obstruction nor uneven distribution of in- 


The results of the tests given in Table I show _ spired gas was indicated by the other tests of pul- 


that the pulmonary function of these patients was monary function, we can rule out any significant 
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obstructive pulmonary disease. Further, since 
these patients gave no indication of significant 
pulmonary disease by history, or by physical or 
X-ray examination, we inclined to the view that 
they were as free from pulmonary dysfunction as 
we could expect under the circumstances _per- 
taining. 

A summary of the measurements of the diffus- 
ing capacity of the lung at an alveolar O, tension 
of about 100 mm Hg in these patients, before and 
after blood replacement by transfusion, is given 
in Table II. 


in Figure 1, which is a plot of Dy for all five sub- 


More complete data are presented 


jects, at varying alveolar O, tension from 100 to 
At the time 


of the first study, the average blood Hb concentra- 


about 600 mm Hg before treatment. 
tion was 6 g per 100 ml, and after treatment the 


MIN X MMHG 


= 


McNEILL 


AND R. E. FORSTER 


average blood Hb concentration was 11 g per 100 
ml. Each point in the figure is the average of two 
or more measurements of D;,. At all three levels 
of alveolar O, tension, Dy in the anemic state was 
lower than similar data from eight normal sub- 
jects at comparable alveolar O, tensions (3) 
(p<0.01). The 
alveolar O, 


(corrected to a 
standard 120 
(Dy,2.)) for each patient was less than the value 


value of Dy 
tension of mm Hg 
predicted from the body surface area (2) (p< 
0.05). 
1, each measured value of Dy,., was more than 


With the exception of the case of Patient 
2 SD (8 ml per minute per mm Hg) below the 
predicted value at the lower Hb concentration. 
Except for two data points of Patient 1, all of the 
D;, measurements were less than the normal data 


even at the higher Hb concentration. At an av- 


0) 
© 


4 

2 
® 
® 








T 


200 


Fic. 1. THe 


PLOTTED AGAINST ALVEOLAR Po, IN MM Ha. 


made 


g per 100 ml). 


300 
ALVEOLAR 0O 


DIFFUSING CAPACITY OF THE 


T T T 
400 500 600 


2 TENSION IN MM HG 
LUNG (D.) FOR EACH OF THE 5 PATIENTS 


The circled figures indicate measurements 


when the patients were severely anemic, prior to the therapy (average Hb conc. 6 
The figures without circles indicate measurement made after therapy 


when the blood hemoglobin concentration had been raised (average Hb conc. 11 g per 


100 ml). 
(@) are data from 8 normal subjects (3 
observations. 


The numbers refer to the individual patients as in the tables. The 


solid circles 


Each point is the average of at least two 
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erage Hb concentration of 6.0 g per 100 ml, Dry. 
was 55 per cent of its predicted value. 

In all five patients, after the increase in blood 
Hb concentration produced by transfusion, Dy,.5 
was increased (Table II, Figure 2). At an aver- 
age Hb concentration of 11 g per 100 ml, Dy,.5 
was 77 per cent of its predicted value. The ini- 
Patient 1 
supine, the later studies, sitting. 


with him 
D, is 


greater supine than sitting (2), this would tend to 


tial studies in were done 


Since 


displace upward the most leftward point of the 
graph for Patient 1. Any correction applied for 
this fact would bring the data on this patient more 
into line with the remainder. On the average, a 
10-day interval occurred between the pre- and 
post-transfusion studies in a given patient (range 
3 to 16 days). 


tension in Patient 2, and in spite of variations be- 


Except at the highest alveolar 


tween individuals, it can be seen (Figure 1) that 
D, was greater at the greater blood Hb concen- 
tration in all five patients, and at all three alveolar 
QO, tension levels. These differences are statisti- 
cally significant. 


25- 

D 
Li20 
IN 204 


ML 
MIN X MMHG 
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Two major questions raised by the present re- 
sults are: a) Why is Dy less than the predicted 
b) What is the 
mechanism of its increase after transfusion ? 


normal value in all five patients ? 


The five patients studied were of relatively small 
body size compared with the normal subjects 
whose data are given in Figure 1—an average 
surface area of 1.67 m* as compared with an 

2.00). m*. circum- 
? 


stances Dy, is less the smaller the body size (2) 


average of Under normal 


and this might be the explanation for the lower 
values of Dy in Figure 1 and Table II. However, 
in four of five patients, the value of Dy (as meas- 
ured at the lower hemoglobin concentration) was 


? 


more than 2 SD below the value predicted on the 


basis of body surface area. Only one patient had 
a Dy outside these predicted limits after partial 
restoration of normal hemoglobin concentration. 
We conclude that the initial low values for Dy, 
are not entirely explicable on the basis of the 
small body size of the patients. 

The effective surface area of the pulmonary 
membrane might have been reduced in these pa- 


Pl it 


ee 


Tt ' T t T 1 


4 6 8 10 12 14 
BLOOD HEMOGLOBIN IN GM/IOO ML 








Fic. 2. 


120 MM Ha, AGAINST PERIPHERAL BLOOD HEMOGLOBIN CONCENTRATION FOR THE 5 PATIENTS 


A GRAPH OF Dri», THE VALUE CORRESPONDING TO AN ALVEOLAR ©. TENSION OF 


The numerals inside the circles indicate the patient from whom the datum de- 
blood 


STUDIED. 


rives. The lines connect measurements made at different levels of hemoglobin 


concentration on any single patient. 
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3ecause @ is directly proportional to the blood CO capacity or hemoglobin concentra- 


( (HB) = 9.2 GM/100 ML) 
ML 


PATIENT 5, BEFORE AND AFTER TREATMENT OF 


the scales on the abscissae have to be different for the measurements before and after 


The solid circles (@) indicate measurements made when the patient's 


hemoglobin concentration was 5.9 g per 100 ml and the abscissa should be read on the top scale. 


The open circles ( 


read on the lower scale. 
and reters to either graph. 
groups of data. 


per mm Hg for the upper (more anemic) and lower (post-treatment) cases, respectively. 


The intercept on the ordinate equals 1/Ds; 


) refer to measurements made after the patient had been transfused and the 
hemoglobin concentration in the blood had risen to 9.2 g per 100 ml. 


These data should be 


The approximate capillary O, tension is also plotted on the abscissa 
The lines are the least mean squares regression lines for the two 


Dx is 45.5 and 50.0 ml per minute 
The 


slopes of the two lines, calculated according to their particular abscissal scale, are proportional 


to 1/V.. V 


was 54.3 and 62.5 for the anemic and post-treatment measurements, respectively ; 


each point is the mean of at least two observations. 


tients by a chronic abnormality, such as pulmonary 
fibrosis, or a more acute process, such as pulmo- 
nary edema. 


2 (who may have had some cardiopulmonary dys- 


However, save possibly in Patient 


function following her transfusion reaction), there 
were no indications of abnormalities in the lungs 
by the usual clinical, radiological, or functional 


tests. Since, after transfusion, D,,.,, increased 


an average of 58 per cent in from 3 to 16 days, 


any abnormalities in the pulmonary membrane 
would have had to be rapidly reversible to ex- 
plain the changes in D,, found. 


The values of the diffusing capacity of the pul- 
monary membrane and the pulmonary capillary 
blood volume presented in Table II were obtained 
from graphical solutions of Equation 1, by the 
data in Figure 1. This graphical solution for the 
case of Patient 5 is given in Figure 3. The ini- 
tial measurements of Dy were made when the pa- 
tient’s peripheral venous blood had a Hb concen- 


per 100 ml. 
this rose to 9.2 g per 100 ml at the time of the sec- 


tration of 5.9 ¢g After transfusion 


ond measurements of Dy; 6, the rate of combina- 
tion of CO with the blood, is proportional to Hb 
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concentration. Therefore, two scales are given on 
the abscissa, corresponding to the two blood Hb 
concentrations. The data were fitted to Equation 
It should be 
noted that the two lines are plotted against differ- 


1 by the method of least squares. 


ent scales for 1/@ on the abscissa and that in ac- 
tuality their slopes (1/V.) are approximately 
equal. 

A reduction in Dy in anemia can be predicted 
from Equation 1 because of the increase in the 
intravascular diffusion resistance, 1/@V., second- 
ary to the decrease in the rate at which 1 ml of 


blood in the pulmonary capillaries can take up 


CO per mm Hg of plasma CO tension. @V, could 
be considered the “diffusing capacity” of the red 
cells in the capillary bed at any instant. 

If the only change in the pulmonary capillary 
bed in anemia were a decrease in the hematocrit 
of the pulmonary capillary blood, one would ex- 
pect Dy and V.. (which are dependent mainly upon 
the dimensions of this bed) to be normal and re- 
Also one 
would expect the measured value of #V, in ane- 


main relatively unchanged by therapy. 


mia to be less than normal and to rise with an in- 
crease in the hematocrit. As seen in Table IT, 
Dy, was less than normal prior to therapy and in- 
creased after therapy in four of five patients, but 
these changes are not statistically significant. It 
should be remarked that Dy is obtained by ex- 
trapolation (see Figure 3) and that 1/Dy lies 
near the origin except in severe pulmonary capil- 
lary block. Slight errors in the measured values 
of Dy can lead to large proportional changes in 
Dy, making it theoretically a more variable meas- 
ure than V,. For example, the initial value of 
Dy in Patient 1 was infinity. In addition, un- 
usually large variations in Dy; were found, par- 
ticularly at high alveolar O, tensions, because, 
when Dy, is reduced (as it was in these patients), 
the relative change in alveolar CO concentration 
during 10 seconds of breath-holding becomes 
small, and small analytical errors produce large 
changes in the calculated value of Dy. For ex- 
ample, in Patient 4 prior to treatment, the alveolar 
CO concentration fell between 10 and 25 per cent 
in 10 seconds. An analytical error of 3 per cent 
(which is not unrealistic) would produce an error 
V.. tended 


to be closer to the predicted values than did Dy, 


in Dy, of between 14 and 30 per cent. 


and rose in four of five patients, but again these 
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It would 
not be unreasonable to expect an increase in the 


changes are not statistically significant. 


dimensions of the pulmonary capillary bed in ane- 
mia in view of the known increase in pulmonary 
blood flow seen in it (10). 

6V ., 
pacity” of the red cells in the pulmonary capillary 


which actually equals the “diffusing ca- 


bed at any instant, was less than the predicted 
value and rose after therapy in all five patients; 
this change was statistically significant (p 0.03). 
Changes in #V, can be observed without having 
to make any assumptions as to the value of 6, since 
1/D, can be plotted against mean capillary O, 
tension. These findings are in agreement with 
the hypothesis that in anemia CO movement within 
the pulmonary capillary blood is impeded. Since 
V., calculated on the basis of assumed changes in 
6, did not change significantly, it is most probable 
that @V.. was reduced because 9 was reduced, and 
the latter change could have been caused either 
because the number of red cells in the pulmonary 
capillary bed was reduced, or because the rate of 
CO uptake of the individual red cells was reduced. 
No data are available on the latter point, but there 
is no evidence to lead us to expect such an abnor- 
mality. If there had been an increase in the re- 
sistance to gas diffusion through the plasma of 
the pulmonary capillaries in the anemic state, this 
should have been interpreted as an increase in 
Dy, because the “pulmonary membrane” includes 
the entire path between the surface of the red cells 
and the alveolar gas according to the analysis. 
It is not possible to obtain direct experimental 
measurements of the hemoglobin concentration 
in the pulmonary capillary blood, so we have as- 
sumed it is equal to that in the peripheral venous 
blood, and it is on this basis that the values of V. 
in Table II have been calculated. 

Since there appear no other reasonable explana- 
tions, it seems permissible to conclude that the ini- 
tially reduced values of Dy in these patients re- 
sulted from an increase in 1/6V,., and that the in- 
crease in D,;, which occurred when the blood he- 
matocrit rose, resulted from a decrease in this 
intravascular resistance. 

Since the rate at which 1 ml of normal whole 
blood takes up O, from the plasma per mm Po, 
difference is of the same order as 6 for CO (1), 
we presume that the rate of diffusion of O, within 
the blood is also an important factor in determin- 
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ing the rate of O, exchange in the lungs as well 
as in the peripheral tissues. In anemia, where the 
total red cell surface available for O, exchange in 
the capillaries at any instant is decreased, the O, 
gradient would necessarily be increased. 
Mochizuki and associates (11) have measured 
the diffusing capacity for O, in anesthetized dogs, 
in which the red cell concentration was varied from 
about 2.5 to 6.8 xX 10° per ml blood. They esti- 
mated the venous admixture percentage (arterial- 
mixed venous) from O, content and alveolar and 
arterial Po, while the animal was breathing a gas 
mixture enriched with O,. These authors found 
that the calculated value of D; for O, increased 
proportionally to the increase in hematocrit, other 
conditions remaining constant. This finding is 


consistent with the data in Figure 2. 


SUMMARY 


The diffusing capacity of the lung (D,) was 
measured by the breath-holding CO technique in 
five patients with severe chronic anemia, but 
without evidence of significant lung disease, be- 
fore and after their blood hemoglobin concentration 
was increased by transfusion. Simple pulmonary 
function studies showed an increase in residual 
volume but no significant airway obstruction or 
non-uniform distribution of inspired gas. 

Dy, prior to therapy was less than predicted in 
all five patients. The average interval between 


the measurements of Dy in each patient was 9 days, 


in which time Dy, at an average alveolar O, ten- 
sion of 120 mm Hg had increased an average of 
54 per cent; at an average alveolar O, tension of 
250 mm Hg had increased an average of 95 per 
cent ; and at an average alveolar O, tension of 590 
mm Hg had increased an average of 69 per cent. 
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Studies of patients with acute and chronic pyelo- 
nephritis have suggested that impairment of uri- 
nary concentrating ability may be an early feature 
of this disease (1-3). In these reports the diag- 
nostic criteria for pyelonephritis have included 
clinical and pyelographic findings together with an 
abnormal urinary sediment with or without posi- 
tive cultures. More recently, increasing emphasis 
has been placed on significant bacteriuria deter- 
mined by quantitative urine cultures as a criterion 
for active pyelonephritis (4). 
in whom bacteriuria has been discovered for the 
first time by quantitative urine cultures, the diag- 
nosis of pyelonephritis has then been established 


In some subjects 


from the clinical and laboratory findings (5); but 
in other individuals with asymptomatic bacteri- 
uria, the normal urinary sediment and pyelo- 
graphic findings, and even postmortem microscopic 
examination of the kidneys, have not supported a 
clinical suspicion of silent pyelonephritis (5, 6). 

The present study was undertaken to determine 
whether an abnormality in concentrating ability 
might exist in healthy individuals with numerically 
significant bacteria in the urine. Pregnant women 
were chosen for study, since the incidence of bac- 
teriuria is reported to be high in this group (7), 
whereas conditions known to impair concentrating 
ability, such as malnutrition, electrolyte disturb- 
ances and degenerative renal diseases, would not 
be encountered commonly among young, pregnant 
The present report concerns the finding 
of impaired urinary concentrating ability following 
24 hours of fluid deprivation in pregnant women 


women. 


* This investigation was supported by research grants 
from the National Institutes of Health, Bethesda, Md., 
the American Heart Association, and the Life Insurance 
Medical Research Fund. This paper was presented (in 
part) at the National Meeting of the American Federa- 
tion for Clinical Research, Atlantic City, N. J., May 1, 
1960. 


with asymptomatic bacteriuria, compared with a 


suitable control group. 


METHODS 


The subjects were healthy, pregnant women attending 
the Beth Israel Hospital Clinic. A detailed 
report concerning bacteriuria and pyelonephritis in this 
The technique 


Prenatal 


group has been presented elsewhere (8). 
used to obtain clean-voided urine cultures was as fol- 


lows. The perineum was cleansed with sponges im- 
mersed in a 1:1,000 solution of benzalkonium chloride. 
A voided specimen was then collected in a sterile bottle 
and promptly refrigerated. Within 24 hours quantita- 
tive urine cultures were performed with limited identi- 
fication of those bacteria appearing in significant num- 
bers as described previously (5). Pregnant women 
whose cultures revealed approximately 100,000 or more 
bacteria per ml in a random, clean-voided urine speci- 
men obtained at the first clinic visit were requested to 
return for a repeat culture. If the second, random, clean- 
voided urine specimen again contained 100,000 or more 
bacteria per ml a 24 hour fluid-deprivation concentration 
test was carried out. Subjects were told that a urinary 
tract infection might be present and were instructed to 
refrain from all fluids from breakfast on one day until 
after completion of the test the next morning: dry meals 
were permitted. Initially clean-voided 
urine specimen for culture and determination of osmo- 


only a_ single, 
lality was obtained at the termination of the 24 hours of 
dehydration. Later in the study a 24 hour urine collec- 
tion during the period of dehydration was also obtained 
for determination of the endogenous creatinine clearance 
and the osmolal clearance. Subjects were asked to keep 
the 24 hour urine collection refrigerated; no preserva- 
tives were used. A venous blood specimen was obtained 
at the end of the period of dehydration for determination 
of creatinine and osmolality. All samples were refrig- 
erated until analyzed. Osmolality determinations were 
performed within 24 hours for most specimens. 
Pregnant women of age and duration of pregnancy 
comparable to those with bacteriuria, but with low bac- 
terial clean-voided urine 
chosen as control subjects. It was difficult to match the 


counts in specimens, were 
groups exactly with respect to parity since the incidence 
of bacteriuria rose sharply with the number of prior 


pregnancies (7, 8). However, as many grandmultiparous 
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BACTERIURIA AND URINARY CONCENTRATING ABILITY IN PREGNANCY 


control subjects as could be obtained were included to 
make the groups as comparable as possible. To provide 
a similar incentive to refrain from fluids for 24 hours, 
all women were told that a urinary tract infection might 
be present. 

Osmolalities were measured with a Fiske osmometer. 
Creatinine was determined by the method of Brod and 
Sirota (9). 
are low in pregnancy (10), a known amount of creati- 


Since endogenous serum creatinine levels 


nine was added to some specimens to bring the photo- 
metric readings into a more desirable range, and this 
amount was substracted from the final calculation. 
RESULTS 

The results are considered separately for three 
different groups of subjects. The first group (A) 
was composed of 20 women whose urine speci- 
mens persistently contained over 100,000 gram- 
negative bacteria per ml, usually FE. coli; none 
was encountered with persistently high counts of 
gram-positive organisms. These 20 women were 
considered to have bacteriuria indicative of bac- 
Data 
The sec- 


terial multiplication within the urinary tract. 
for this group are shown in Table I. 
ond group (B) were 30 women whose urine speci- 
mens repeatedly contained fewer than 100,000 
bacteria per ml. These organisms were presumed 
to represent contamination. Women with persist- 
ently low-count urine cultures were not considered 
to have bacteriuria and served as a control for 
Group A. 
are shown in Table IT. 


Data for this low-count control group 
The third group (C) in- 
cluded 20 subjects whose urine specimens had 
more than 100,000 bacteria per ml on one occasion, 
whereas other specimens from the same individual 
at other times contained small numbers of bacteria. 
In general, the bacteria in Group C were gram- 
positive, varied considerably in kind and concen- 
tration, and most likely represented contamina- 
tion rather than true bacteriuria. However, oc- 
casionally gram-negative bacteria appeared in 
large numbers in one or more specimens and it 
was difficult to distinguish excessive contamina- 
tion from transient bacteriuria. Data for Group 
C subjects are presented in Table ITT. 

Women with asymptomatic bacteriuria (Table 
I) had significant impairment of urinary concen- 
trating ability compared with control subjects in 
Group B without bacteriuria (Table IT). 
osmolality values after 24 hours’ dehydration 
Nine of the 20 
women in Group A had urinary osmolality values 


Serum 


were the same in botiu groups. 
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below 700 mOsm per kg H,O in the final speci- 
men following dehydration; none of the women in 
the control Group B showed this degree of im- 
pairment. Subjects in Group C with occasional 
high bacterial counts in the urine, probably due 
to contamination, had maximal urinary osmolality 
values after 24 hours’ dehydration, similar to those 
for control Group B. The impairment in concen- 
trating ability observed in women with asympto- 
(p< 
0.01) compared with the control Group B, both 


matic bacteriuria was highly significant 


with respect to the mean maximal urinary osmo- 
lality (706 mOsm per kg H,O for Group A, com- 
pared with 935 mOsm per kg H,O in Group B) 
or the mean maximal urine/serum osmolality ra- 
tio (2.41 for Group A compared with 3.16 for 
Group B). Except for the subject with the se- 
verest impairment (Subject 12 in Group A), 
symptoms of urinary frequency or nocturia did not 
reflect the degree of impairment of concentrating 
ability in the 24 hour concentration test. 

Serum creatinine concentrations determined in 
all 20 women with bacteriuria in Group A and in 
3 did not differ 
Timed urine specimens during the 


21 women in the control Group 
significantly. 
24 hour period of dehydration were obtained 
from 9 women in Group A and 19 women in 
The 


osmolal clearance averaged about 9.5 per cent 


Group B. rates of solute excretion and 
higher in the Group A women with bacteriuria, 
but these differences were not significant. The 
endogenous creatinine clearance averaged about 
20 per cent lower in the bacteriuric group (0.05 > 


p > 0.02). 


higher osmolal clearance and slightly lower creati- 


The combined effects of a slightly 


nine clearance resulted in a significantly higher 
percentage of filtered solute which was excreted 
for Group A as calculated from the ratio Cosm/ 
Cor X 100 (mean value 1.53 for Group A, 1.10 for 
Group B.. t= 295, p< 0.01). 
maximal urine osmolality following fluid depriva- 


However, the 


tion was not correlated with the Cos,/Crr ratio. 
Hypokalemia, hypercalcemia, and sickle cell 
disease, conditions known to be associated with 
impaired concentrating ability, were not present 
in these subjects. It is emphasized that women 
with bacteriuria as a group could not be distin- 
guished from those without bacteriuria on the ba- 
sis of history, physical examination (including 
(8). 


blood pressure), pyuria, or proteinuria 
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Routine urinalysis at first prenatal clinic visit for Group A subjects with bacteriuria (see Table 1) 


Subject Sp gr Protein* 


qns 
1.022 
1.012 
1.020 
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.023 
.015 
.012 
.012 
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59 
59 
59 
59 
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.020 
.007 
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.008 
O11 


59 
59 
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.010 
.014 
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.016 
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Urinary sediment 


Sugart RBC Casts 
high-powered field 
0 0 
0 0 
0-2 0 
occ. 0 
0 


en WwW 
+44 4 


a. 


occ. 


0 
0 
0 
0 
0 


ow 
+ 


nd. 


— te 
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+ 


0 


0 
0 


0 
many 
14-16 


many 


Prior to 1960, beta naphthalene sulfonic acid precipitation method; since 1960, using Uristix. 
t Prior to 1960, using Clinitest; since 1960, using Uristix. 


t Graded qualitatively, 0 to 4+. 


Routine analyses at the first clinic visit for the 
A subjects with bacteriuria are re- 
corded in Table IV. 
uria was variable, and slight proteinuria was pres- 


20 Group 
Cylinduria was absent, py- 


2 women. 


ent in 
DISCUSSION 

The validity of classifying subjects as having 

bacteriuria or not on the basis of bacterial counts 

in clean-voided specimens deserves comment. The 

basis for such a classification rests on the assump- 

tion that if bacteria are present within the urinary 


tract they will multiply to large numbers in the 
bladder urine which serves as a good culture me- 


dium. In contrast, bacteria added to sterile urine 
as contamination in clean-voided specimens usu- 
ally are considerably fewer in number. In general, 
this hypothesis has been verified (4-6, 11-20), 
and exceptions clearly outlined (21), but agree- 
22, 23). The choice 


of the number of bacteria as a dividing line be- 


ment has not been universal ( 


tween bacteriuria and contamination is based on 
statistical probabilities. In agreement with many 
other workers in this field, I have found 100,000 
bacteria per ml to represent a reasonable dividing 
line sufficiently sensitive to include most instances 


of bacteriuria and yet discriminatory against most 
instances of 
in 33 pregnant women with over 100,000 gram- 


contamination. For example (8), 
negative bacteria per ml in an initial random, clean- 
voided urine specimen, a second clean-voided urine 
culture gave the same result in 21 women (63.6 
per cent). After two successive cultures showing 
over 100,000 gram-negative bacteria per ml, a 
third culture, or more, gave the same result in over 
85 per cent of the women. Thus, the chances that 
women in Group A in this study, with a minimum 
of two and usually three separate cultures con- 
taining over 100,000 gram-negative bacteria per 
ml, would remain in this high-count group with 
additional cultures would be about 85 per cent. 
The high-count urine cultures for subjects in 
Group C, however, were considered to represent 
contamination, since additional cultures were not 
confirmatory. The finding of normal concentrat- 
ing ability in these Group C subjects is in accord 
with this interpretation. 

The finding of definite impairment in concen- 
trating ability (maximal urinary osmolality less 
than 700 mOsm per kg H,O) with fluid depriva- 


tion in 9 of 20 pregnant women with asympto- 
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matic bacteriuria may be a reflection of early si- 
lent pyelonephritis in these subjects. In Subject 
9A, with bacteriuria and a maximal urine osmo- 
lality of 570 mOsm per kg H.O during preg- 
nancy, studies 7 months post partum revealed im- 
provement in concentrating ability to 800 mOsm 
per kg H,O in association with spontaneous ces- 
sation of bacteriuria. However, symptomatic, 
acute pyelonephritis developed in this subject 8 
months post partum, which was not treated, and 
at 8.5 months post partum maximal urinary osmo- 
lality was again reduced to 620 mOsm per kg H,O 
with return of £. coli bacteriuria. Treatment to 
suppress bacteriuria then resulted in improve- 
ment in maximal urinary osmolality to 870 mOsm 
per kg H,O at 10 months post partum. In Sub- 
ject 8A, both bacteriuria with FE. coli and impaired 
concentrating ability persisted post partum (maxi- 
mal urine osmolality 636 mOsm per kg H,O dur- 
ing pregnancy, 725 mOsm 2 months post partum). 
Spontaneous clearing of bacteriuria post partum 
in Subject 15A was associated with improvement 
in concentrating ability from a maximal urinary 
osmolality of 723 mOsm per kg H,O during preg- 
nancy to 1,000 mOsm 3.5 months post partum. 
These few serial studies suggest that impaired 
concentrating ability may be a reversible result of 
infection rather than a pre-existing, fixed defect 
which predisposes to infection. Similarly, Win- 
berg (3) has reported that impaired concentrating 
ability occurring with acute, nonobstructive uri- 
nary tract infections in children possibly lasted for 
4 to 6 weeks after symptoms and urinary findings 
cleared. 
pregnant women with asymptomatic bacteriuria 


The presence of silent pyelonephritis in 


is also suggested by their high incidence of the 
subsequent development of acute pyelonephritis 
(7.3). 
teriuria may also be attributed to an increase in 
the hydronephrosis of pregnancy due to ureteritis 
and ureteral reflux in the absence of renal infection, 
but a clear distinction between pyelonephritis and 
infection limited to the ureter cannot easily be 


Impaired concentrating ability with bac- 


made. 

t is possible that screening for both bacteriuria 
and impaired concentrating ability might effec- 
tively select those individuals destined to develop 
acute pyelonephritis of pregnancy. This is sup- 
ported by the subsequent development of acute 
pyelonephritis in Subjects 9A, 10A, 12A and 
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18A, all with some degree of impairment of con- 
centrating ability and bacteriuria, whereas in the 
remaining subjects in Group A, symptomatic pye- 
lonephritis during pregnancy did not occur. If 
the incidence of bacteriuria among pregnant 
women is taken as 5 per cent (7, 8) and 40 per 
cent of such women have impaired concentrating 
ability, then silent pyelonephritis might be present 
in about 2.0 per cent of all pregnant women. 
Long-term studies are clearly indicated to deter- 
mine whether chronic pyelonephritis develops in 
pregnant women with asymptomatic bacteriuria. 

The mechanism by which impaired concentrating 
ability occurs with asymptomatic bacteriuria is 
not clear from the The 
creatinine clearance values are somewhat low in 


limited data obtained. 
both Groups A and B. This may reflect incom- 
pleteness of the collections and use of a less spe- 
cific method for serum creatinine or the effect of 
upright posture during most of the collection pe- 
riod. In view of the relatively normal serum cre- 
atinine concentrations and endogenous creatinine 
clearances, severe reduction in glomerular filtra- 
tion rate (GFR) appears unlikely, although it is 
possible that one kidney may have been affected 
more than the other. It is known that small re- 
ductions in filtration rate may affect the concen- 
trating mechanism (24). The slightly higher sol- 


ute excretion in bacteriuric women be an 


artifact, since it is not certain that all women kept 


may 
the 24 hour urine collection refrigerated. Osmo- 
lality of urine specimens left at room tempera- 
ture has been observed to rise and this process may 
be accelerated in the presence of large numbers 
of bacteria. Additional and serial renal function 
studies are necessary to define the interrelation of 
GFR, solute excretion and concentrating ability 
in subjects with bacteriuria. 

Calculation of food intake was made by dieti- 
tians for all the women in this study and showed 
no difference for women with and without bac- 
teriuria. Weight gain during pregnancy was com- 
parable for both groups. Thus, it is unlikely that 


protein deprivation was an important factor in 


the development of impaired concentrating ability. 

An experimental model was sought to study the 
effects of renal infection on the concentrating 
mechanism. Bacteriuria and pyelonephritis were 
produced by the direct injection of a strain of 
Proteus into the urinary bladder of the rat (25). 
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Impaired concentrating ability was observed, but 
Attempts to 
GFR _ in 


the animals were severely uremic. 


produce bacteriuria without altering 
order to study the direct effects of infection on the 
concentrating mechanism have not yet been suc- 
cessful. Even in experimental, unilateral pyelo- 


which prevents the development of 


nephritis, 
uremia, the involved side has shown reduction in 


filtration rate (26). 


SUMMARY 


1. Pregnant women with asymptomatic bac- 
teriuria were found to have significant impairment 
of urinary concentrating ability when compared 
with a control group without bacteriuria. 

2. Impaired concentrating ability most likely is 
secondary to silent, active pyelonephritis. 

3. The mechanism of the impairment remains 
to be determined. Direct involvement of the re- 
nal concentrating mechanism by infection, an in- 
crease in the hydronephrosis of pregnancy due 
to infection and malfunction of the ureters, and 
changes in the concentrating mechanism second- 


ary to slight reductions in glomerular filtration 


rate may be important factors. 
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Studies carried out with tracer doses of radio- 
strontium (Sr**) in man have revealed qualita- 
tive similarities but quantitative differences in 
The 
principle of qualitative correlation between urinary 
radiostrontium has 


metabolism of strontium and calcium (1—5). 


excretion of calcium and of 
been utilized in investigations of the removal of 
radiostrontium from man (6). It has been shown 
that elimination of radiostrontium could be con- 
siderably enhanced by inducing an increase of uri- 
nary calcium excretion, either by intravenous ad- 
ministration of calcium or by use of the combina- 
both (0). 


initiated to investigate the effect of orally adminis- 


tion of agents A study was then 
tered calcium and of the duration of calcium sup- 


plementation on radiostrontium metabolism in 


man. It was hoped that prolonged oral adminis- 
tration of calcium would lead to a decrease in ra- 
diostrontium body burden by decreasing absorp- 
tion of radiostrontium from the intestinal tract 
and by increasing its excretion via the kidney due 
to the concomitant increase of urinary calcium ex- 
cretion during the phase of high calcium intake. 
Some of the data on the effect of high calcium in- 


take on Sr** metabolism in man has been pre- 


liminarily presented (7), and the results obtained 


in these and in additional studies are reported in 
this communication. 


MATERIALS AND METHODS 


Carrier-free Sr”, a y-emitter which has a half-life of 
65 days, was administered as the chloride by the intra- 
venous or oral route to 14 patients who were studied un- 
der controlled dietary conditions (8) on the Metabolic 
Research Ward. 

All patients were in good physical condition; 11 were 
fully ambulatory and 3 were semiambulatory (Patients 
G, 12, 33): 


the tracer studies except Patient 1 who received 50 me 


The patients received no medication during 


* This study was carried out under Contract AT (30-1) 


1763 with the U. S. Atomic Energy Commission. 


of an estrogen analog! (9) during the entire course of 
the study. 

The diet was a constant, analyzed low calcium diet 
which contained an average of 1,850 calories, 68 g pro- 
tein, 265 g carbohydrate and 59 g fat, 150 mg calcium 
and 700 mg phosphorus per day. The fluid intake was 
kept constant during the entire study and the body weight 
carried out in the 


was determined daily. In studies 


high calcium phase, the calcium intake was raised by 
adding calcium gluconate tablets to the low calcium diet. 
All other 
The Ca: P 
intake and 


constituents of the diet were kept constant 
ratio was approximately 1:4 during low cal- 
cium averaged 2:1 during high calcium 
intake. 

All patients received tracer doses of Sr® during low 
and high calcium intake; 3 received Sr® intravenously, 
3 received the tracer intravenously and orally at differ- 
ent times, and 8 received the tracer orally during the 
phase of low and high calcium intake. Sr” studies car- 
ried out during low calcium intake preceded those per- 
formed during high calcium intake except in Patients 4 
and 5 in whom the low calcium studies were performed 
11 months after the high calcium intake had been dis- 
continued. Table I lists the patients studied, the diag- 
noses, and duration of the radiostrontium studies carried 
out during low and high calcium intake. The amount of 


calcium added to the diet and the duration of calcium 
supplementation prior to the Sr” studies performed dur- 
ing high calcium intake are also listed in this table. 
Calcium supplements were continued throughout the Sr* 
studies during the high calcium phase. Tracer doses of 
Sr” were given intravenously at different time intervals 
during high calcium intake to Patients 3 and 5, and orally 
to Patients 7 and 8 in order to investigate whether the 
duration of high calcium intake affected radiostrontium 
absorption and excretion. 

The dose of Sr* ranged from 0.2 to 0.4 uc per kg body 
After 


of a single dose of the radioisotope, samples of plasma 


weight. intravenous injection or oral ingestion 
were obtained for Sr* analyses at 1, 4, 8 and 24 hours 
on the first day of each study. Subsequently, Sr® plasma 
levels were determined daily for 6 days, and 3 times per 
as significant counts could 
On the day 


of each tracer study, the 24-hour urine output was frac- 


week thereafter for as long 
be obtained with the equipment available. 


tionated at time intervals at which plasma samples were 


a” 


1 3-Methoxy-16a-methyl-1,3,5, (10) estratriene-168,178 
diol (Mytatrienediol). 
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TABLE I 


Patients receiving tracer 


Patient Age Diagnosis 


Multiple myeloma 
Carcinoma of breast 
Osteoarthritis 


Carcinoma of breast 


Ostec ypore ysIS 


Osteoporosis 
Osteopor« sis 


Carcinoma of thyroid, 
hypoparathyroidism 


Carcinoma of thyroid 
Osteoporosis, rheuma- 
toid arth. 

Osteoporosis 
Myxedema 

Paget’s disease of bone 
Osteoporosis 


* Low calcium diet = 159 mg calcium/day (average). 
+t Added to low calcium diet in the form of calcium glu 
performed during high calcium intake. 


oral 
oral 


oral 


doses of Sr®> on low and high calcium diet * 


Low calcium 
intake High calcium intake 


Sr® study Added calciumt Sr®5 study 

days 
i.v. 27 
i.v. 7 


Zé 
1.V. 


mg/day route 
880 
408 
408 
672 
408 
344 
408 
408 
344 
408 
408 
792 
792 
1,408 
408 
408 
408 
408 
640 


38 
i.v. 4 
1.V. 30 
oral 14 
iV. 20 
iV. 21 
oral 16 
oral 16 
1.V. 16 
oral 12 
oral 12 
oral 15 
oral 

oral 

oral 

oral 

oral 


i.V. 
oral 
1.V. 
oralf 


1.vV. 


oral 
oral 
oral 
oral 


344 
008 
344 

704 


onate tablets for number of days before the tracer study was 


t Study on low calcium diet performed 11 months after discontinuation of high calcium intake. 


obtained for Sr“ and calcium analyses. Each fractional 
urine collection was analyzed for Sr™, calcium, and phos- 
phorus. Subsequently, these analyses were determined 
daily on aliquots of 24-hour urine collections during the 
entire study. Each stool specimen was _ radioassayed 
separately. 

The absorption of orally administered Sr was calcu- 
lated from Sr™ stool analyses, and the unabsorbed frac- 
tion of the radioisotope and endogenous fecal Sr was 
administered dose (100 per 
= total 


Endogenous fecal Sr® 


determined: absorbed dose = 


cent) — unabsorbed dose; unabsorbed dose fecal 


endogenous fecal Sr™. was 
fecal Sr° 


venous administration of Sr® to the same patient or by 


m_ 


calculated either from excretions after intra- 
assuming that 15 per cent of the absorbed dose was ex- 
creted with the digestive juice, since 10 to 15 per cent 
of intravenously injected Sr* was excreted in stool in 12 
days (3). 

Balances of nitrogen, calcium, and phosphorus were 
performed during each tracer study to determine the meta- 
bolic status of the patients and to correlate changes in 
calcium metabolism during high calcium intake with data 
obtained in Sr™ studies in this phase. 

Metabolic balances were determined by analyzing ali 
quots of 6-day pools of urine and stool and aliquots of 
the diet 


by the Kjeldahl method, phosphorus by 


Urinary and fecal nitrogen were analyzed 


the method of 


Fiske and Subbarow (8), uriiary calcium by the method 
of Shohl and Pedley (9). 


were determined on ashed aliquots of 6-day collection 


Stool calcium and phosphorus 


The technique of intravenous and oral administra- 
i a Sr 


pools. 


tion of and analyses of plasma, urine and 
stool have 


(3, 6). 


been described in previous communications 


RESULTS 


Table II shows data on urinary and fecal Sr*® 
excretions and on Sr*® body retention of 6 patients 
after intravenous administration of the tracer dur- 
ing low and high calcium intake. Urinary Sr*® 
excretion was higher during high than low cal- 
cium intake except for Patient 3 
and 6. 
to 14.0 per cent. 
Sa 


(second study ) 
Patient This increase ranged from 7.9 
No appreciable change in fecal 
was noted during low and high calcium in- 


takes. Increased urinary Sr*® excretion was ac- 


companied by an increase of calciuria and by a de- 


crease of Sr*® body retention, which ranged from 
5.7 to 16.5 per cent of the administered dose in 
Patients 1-5. 
cent in Patient 6, in whom urinary Sr*° and cal- 


Sr*® retention increased by 10.1 per 





CALCIUM INTAKE AND RADIOSTRONTIUM METABOLISM 


TABLE II 


Sr®> metabolism in man on low and high calcium intake * 


Low calcium intake High calcium intake 
Srs5 
reten 
Stool tion 


Excretion Sr*5 Sr*5 Excretion Sr#5 
——————_—_—__—_——_ reten 
Patient Age Sex Ca Urine Stool tion Added calciumT Urine 


% dose , dose 
60.3 14.8 
16.8 


mg/day mg/day 
880 224 
1,408 127 
1,408 67 20.1 
672 33 - § 17.3 
1,408 179 doe 15.9 
1,408 264 15.0 
1,408 281 12.1 
1,408 13 13.0 


Q dose days 
Shat 3 
36.5 3 
64.6 20 


mg/day % dose % dose 
97 : 14.4 
87 * 19.0 
37 ‘ 18.2 


121 ’ 1 
100 ba a 


3: 38.2 
6 35.9 
6 bs ] 29 


16.3 66.3 


* Intravenous administration of Sr®*; low calcium diet = 159 mg calcium/day (average). Sr®* excretion and reten- 
tion are calculated for 12 days. 

t Added to low calcium diet in the form of calcium gluconate tablets. The number of days indicates the duration of 
calcium supplementation before the tracer study was performed on high calcium intake. 


example of the variation of intestinal absorption 
of Sr*® is illustrated by studies of Patient 8. Dur- 


cium excretion decreased during high calcium in- 
take. 
noted in the second study of Patient 3, 


A slight increase of Sr*® retention was also 
ing low calcium intake Sr*® absorption was of 
Table III shows data on intestinal absorption of | magnitude similar to that after 167 and 901 days 
of high calcium intake, while it was appreciably 
lower after 341 days and slightly lower after 405 


orally administered tracer doses of Sr*° of 11 pa- 
tients during low and high calcium intake. In 6 
of these (Patients 4-7, 9, 10), Sr*® absorption was 


days of calcium supplementation. Sr** absorption 


in approximately the same range during low cal- 
cium intake as in studies during which calcium 
intake was increased approximately 9 to 10-fold, 
while Sr*® absorption decreased in 4 patients dur- 


of 11 patients averaged 19.7 per cent of the dose 
during low calcium diet (SD 5.4) and 14.9 per 
cent during high calcium intake (SD 5.6). For 
Patients 7 and 8 only the first studies were used 


ing high calcium intake (Patients 11-14). An _ in these calculations. The average value of the 


TABLE III 


Sr®> metabolism in man on low and high calcium intake; oral administration of Sr*® * 


Low calcium intake High calcium intake 


Urinary excretion Urinary excretion 
Sr 45 Sr#5 


Patient absorption Sr45 Ca Added calciumt absorption Sr85 
I 


‘ ‘ 


mg/day % dose 


1,344 15 


o dose ~ dose mg/day days 
13 6.9 133 437 , 
23 14.9 113 23 1,344 22 : 223 
27 een 16 14 1,408 21 10 
20 2.2 17 10 792 20 46 
227 792 38 

16 4.3 : 167 1,408 53 
341 1,408 61 

405 1,408 96 
901 1,408 105 
156 1,408 264 
12 640 49 
239 1,344 97 
17 1,008 ‘ 210 
32 1,344 60 
691 704 112 


— bo 


9 
10 
11 25 
12 25t 
13 10 
14 16 


Le ee nd 
SNE OD 


— 
MS TUT WW W bo 


bo bh OO SIO 


= a 
wn >) 


a 
wm 
na 


* Sr®5 excretion and retention are calculated for 12 days. Low calcium diet = 159 mg calcium/day (average). A 
single dose of Sr®° was given as the chloride at the beginning of each study. 

+ Added to low calcium diet in the form of calcium gluconate tablets for number of days before the tracer study was 
performed on high calcium diet. 

t Calculated from the 22-day stool excretion because of delayed peristalsis in a patient with myxedema. 
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TABLE IV 


Calcium and phosphorus balances of patients receiving tracer doses of Sr*° 
intravenously during low and high calcium intake 


High Calcium Phosphorus 


Calcium calcium - 
Patient intake intake* Study Intake Urine 


Stool Intake Urine Stool Bal. 


days days mg/day mg/day mg/day mg/day 
Low 46 160 155 7 668 466 227 
Hight 3 6 ,048 1,146 323 688 381 393 
Low 36 146 139 587 466 163 
Hight ; 18 546 : 1,345 : 598 275 251 
Low 12 138 ; 148 712 512 238 
Hight 42 ,566 922 55. 704 278 226 
Hight ; 24 837 32 740 + 6: 721 320 360 
Low 18 179 197 796 667 258 
Hight 14 611 y A 1,329 + 819 616 383 
Low 30 154 119 673 529 164 
Hight 42 565 1,126 2 659 375 193 
Hight 30 571 302 1,268 634 377 265 
Low 18 172 é 164 : 833 726 157 
Hight : 12 584 é 837 7. 885 410 192 


* Number of days of high calcium intake before Sr*° study started during high calcium intake. 
+ Calcium gluconate tablets added to low calcium diet. 


paired difference was 4.8 per cent (SD 5.2, SE of _ patients was variable during high calcium intake ; 
the mean, 1.56). The differences were significant it remained approximately in the same range as 
at the 2 per cent level. during low calcium intake in 7 patients (4, 6, 7, 

Urinary radiostrontium excretion of these 11 9, 10, 14 and in the first two studies of Patient 8) 


TABLE \V 


Calcium and phosphorus balances of patients receiving tracer doses of Sr*® 
orally during low and high calcium intake 


High Calcium Phosphorus 


Caicium calcium Study -—-- - - _ : — 
Patient intake intake* Intake Urine Stool Bal. Intake Urine Stool 


days mg/day ng/day mg/day 
Hight 437 1,552 270 ,075 848 573 
Lowt 244 154 228 d 842 667 
Hight 247 2 1,496 224 152 +-12 681 442 
Lowt 2 190 116 130 5 655 508 
Low 178 181 828 530 
Hight 585 7 ,208 : 839 370 
Low 42 119 113 540 354 
Hight 52 908 32 504 372 539 182 
Hight 2 908 2 358 522 517 290 
Low : 189 2. 202 ; 707 375 
Hight ,566 : 440 7 702 311 
Hight ; 2 564 2 389 : 702 290 
Hight 579 335 +-15 704 324 
Hight 27 5 ,288 } 698 384 
Low 3 160 7 190 2 673 597 
Hight 5 2 il 2: 332 : 689 495 
Low 191 206 ; 667 444 
Hight 2 851 : 673 a7 699 407 
Low 119 3 106 528 361 
Hight 483 281 5 519 266 
Low 24 157 5 2 680 423 
Hight ; ,186 2 5 2. 691 207 
Low 2 170 : 3. 677 457 
Hight 3 3 501 A3. 7 624 376 
Low 177 2 7 842 553 
Hight 691 2 830 2 650 398 


~I— 
COO =< 


I+) 4+++4++4+4 | 


NWHNHe wh 
So 


ouN 


why 


* Number of days of high calcium intake before Sr*®> study started during high calcium intake. 
+ Calcium gluconate tablets added to low calcium diet. 
Study on low calcium diet performed 11 months after discontinuation of high calcium intake. 
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was slightly higher in Patient 11 and the last two 
studies of Patient 8, and was slightly lower in 
12 and 13. 
of most patients increased in the high calcium 


Patients Urinary calcium excretion 


phase. In 3 semiambulatory patients, 6, 12 and 
13, the calciuria did not change or even decrease 
in this phase. 

Table IV shows data of calcium and phosphorus 
balances of 6 patients who received Sr*° intrave- 
nously during low and high calcium intake. In 
the latter phase, calcium intake was approximately 
ten times higher than during low calcium intake 
except in Patient 1 in whom the calcium intake 
was increased by a factor of 6.5. Urinary calcium 
excretion of 4 of 6 patients increased during high 
calcium intake and the stool calcium of most pa- 
tients increased considerably during this phase. 
The calcium balances of Patients 3 and 6 im- 
proved markedly and were + 554 and + 734 mg 
per day, those of Patients 2, 4 and 5 improved by 
112, 192 and 241 mg per day. 
ance of Patient 1 did not improve but became 


The calcium bal- 
markedly negative. However, the duration of 
this latter study was only 6 days. 

Table V lists the calcium and phosphorus bal- 


ances of 11 patients who received Sr*° orally dur- 


ing low and high calcium intake. The high cal- 
cium intake was approximately ten times as high 
atients 7, 
10, and 14 in whom the calcium intake was raised 
by factors of 7.6, 4.5, and 4.6, respectively. The 
calciuria of Patients 9 and 12 was relatively high 
during low calcium intake. During high calcium 
intake, the urinary calcium excretion of Patients 
4, 5, 9 and 11 increased. A gradual rise of the 
calciuria from 23 to 105 mg was noted in Patient 


as the low calcium intake except in 


8 in 901 days of calcium supplementation. The 
calciuria of the remaining 6 patients either did not 
change or increased slightly during high calcium 
intake. Fecal calcium increased considerably in 
all patients during high calcium intake. The im- 
provement of the calcium balance ranged from 44 
mg per day in Patient 4 to 533 mg per day in Pa- 
tient 7 during calcium supplementation. 


DISCUSSION 


The use of orally administered calcium supple- 


ments for the purpose of decreasing absorption of 


radiostrontium presupposes that increased calcium 
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intake may lead to increased intestinal absorption 
and increased body stores of calcium, so that fewer 
sites may be available for radiostrontium uptake. 
Also, increased calciuria during high calcium in- 
take may be accompanied by increased radiostron- 
tium excretion, thereby leading to decreased Sr*° 
body burden. 

Data obtained in the present studies revealed 
no appreciable difference in Sr*® absorption dur- 
ing low and high calcium intake in 7 of 11 pa- 
tients, while Sr*® absorption decreased appreciably 
in 5 of 15 studies during high calcium intake (Pa- 
tients 11-14 and Patient 5, Study 2). 
the average of the paired difference during the two 


However, 


phases of calcium intake was significant at the 2 per 
cent level despite the high value of the standard 
deviations which were due to the fact that Sr*° 
absorption was determined by difference between 
fecal Sr®®> excretion (corrected for endogenous 
Sr*°) and Sr** intake. 
of Sr*® absorption may, in part, account for de- 


Spontaneous fluctuations 


creased radiostrontium absorption during high 
calcium intake as shown by the data of Patient 8. 

Urinary Sr*® excretion of patients who received 
the tracer orally did not increase during calcium 
supplementation in general, and in some instances 
actually decreased due to decreased Sr*° absorp- 
tion (Patients 12, 13). 
riod of high calcium intake, for example, in Pa- 


The relatively short pe- 


tient 6 and in the first study of Patient 7, is ap- 
parently not the reason for lack of this increase, 
since similar negative results were obtained in 
Patients 4, 7, and 8 after prolonged calcium sup- 
plementation of 437, 227, and 341 days, respec- 
tively. Urinary excretion of calcium and radio- 
strontium may remain in the same range or may, 
in rare instances, even decrease during high cal- 
cium intake in certain pathophysiological condi- 
tions, for instance, due to changes in the state 
of mobilization and repair of disuse osteoporosis 
(Patient 6). 
tion during high calcium intake was accompanied 


Increase of urinary calcium excre- 


by a somewhat higher urinary Sr*° excretion af- 
ter intravenous Sr*° administration. 

It was hoped that the absorption of orally ad- 
ministered radiostrontium in man would greatly 
decrease during high calcium intake, as shown in 
studies in experimental animals by Kidman, Tutt 
and Vaughan (10), Copp, Axelrod and Hamilton 
(11), MacDonald, Spain, Ezmirlian and Rounds 
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(12), and Wasserman, Comar and Papadopoulou 
(13). Whether the effect of high calcium intake 
in rats is due to species differences or to the very 
high dietary calcium intake (13), as compared 
with that used in the present study in man, is not 
certain. 

The results obtained in man are in agreement 
with studies carried out in mature rats (14-16). 
Varying calcium intake levels used in studies of 
Sr*’ bone retention in mature rats (14) have re- 
vealed an inverse relationship between dietary 
calcium intake and bone retention of Sr*® and 
Ca*®, but the concentration of Sr®® decreased less 
than that of Ca*® when the diet was supplemented 
with calcium. In other experiments (15), in- 
creased calcium intake had no effect in decreas- 
ing the concentration of Sr®® in bone, while that of 
Ca*® decreased approximately 50 per cent; these 
investigators pointed out that factors other than 
calcium, such as the level of phosphate and carbo- 
nate in the diet, may influence Sr®? uptake by 
bone. The radiostrontium body burden could be 
reduced in immature rats by increased dietary cal- 
cium intake, whether the phosphorus intake was 
low or high, while similar results could be obtained 
in mature rats only when dietary calcium and 
phosphorus intake were raised simultaneously 
(16). Copp and co-workers have demonstrated 
that urinary and fecal radiostrontium excretions 
could be increased in rats receiving a phosphorus- 
deficient diet (11). Cramer and Copp (17) later 
showed that urinary excretion of radiocalcium of 
both young and old rats may remain high on phos- 
phorus-deficient diets regardless of the level of 
calcium intake, and that radiostrontium excretion 
of young rats increased during low phosphorus 
intake. MacDonald and co-workers have shown 
that the Sr®° body burden of rats could be reduced 
by increasing dietary calcium and the body bur- 
den could be further decreased by increasing the 
phosphorus content (12). 


SUMMARY 


1. The effect of high calcium intake of varying 
duration was studied on radiostrontium (Sr*>) 
metabolism in 14 patients under controlled dietary 
conditions. The calcium intake of 10 patients was 
approximately 10 times as high during high as 
during low calcium intake. 
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2. Tracer doses of Sr*° were given orally or 
intravenously in separate studies during low and 
high calcium intake to the same subject. 

3. The intestinal absorption of orally adminis- 
tered tracer doses of Sr*® was of similar magnitude 
during low and high calcium intake in 7 of 11 pa- 
tients and was lower in 4 patients during high 
than during low calcium intake. 

4. The addition of calcium to the diet resulted in 
increased urinary excretion of calcium in most 
This increase was accompanied by a 


patients. 
somewhat higher excretion of radiostrontium after 
intravenous doses of Sr*® in 4 of 6 patients, while 
in general, no increase of urinary Sr*° excretion oc- 


curred when Sr*° was given orally. 
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The measurement of hepatic blood flow based 
upon the rate of disappearance of colloidal par- 
ticles from peripheral blood by the Kupffer cells 
7) that the 
colloid is completely removed from the blood in 


depends upon two basic assumptions : 


one passage through the liver, and 2) that the liver 
is its sole source of removal. Dobson and Jones 
(1) showed in animals that radioactive colloidal 
chromic phosphate approximated satisfactorily to 
these theoretical postulates, although the efficiency 
of hepatic extraction of this colloid has not been 
determined in man. Radioactive colloidal gold 
has also been used as an index of liver blood flow, 
and in the original work of Vetter, Falkner and 
Neumayr (2) the hepatic extraction efficiency 
averaged 80 per cent in three subjects. In a later 
paper (3), however, Vetter and co-workers re- 
ported a lower average hepatic blood flow in nor- 
mal subjects, and subsequently it has been shown 
that commercial preparations of radiogold are not 
suitable for measurement of hepatic blood flow, 
since their particle sizes are not homogeneous (4, 
)). 

Halpern and colleagues (6) described a heat- 
denatured albumin colloidal complex labeled with 
pp (CAT™). 
trolled by the extent of heating and checked by 


The particle size could be con- 
biological standardization. Preliminary results in 
animals and in man suggested that extrahepatic 
removal was minimal and hepatic extraction was 
over 90 per cent (7-9). This colloid might there- 
fore be suitable for measuring liver blood flow and 
our communication deals with its use for this pur- 
pose in control subjects and patients with cirrhosis. 
The results suggest that the method is valid for 
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measuring liver blood flow in normal subjects. It 
underestimates total liver blood flow in patients 
with cirrhosis by the amount of blood shunted 


through intrahepatic portal-hepatic venous anasto- 
moses which are not lined by Kupffer cells and 
hence do not remove the colloid. 


METHODS 


Patients. The following groups of subjects were stud- 
ied: I, 14 control subjects without known liver disease; 
II, 21 cirrhotic patients with a patent portal vein; III, 
11 cirrhotic patients with a portacaval anastomosis (in- 
cluding two patients in whom preoperative studies were 
made) and 1 patient with thrombosis of the portal vein; 
IV, 3 patients with an extrahepatic portal vein block 
The state of the portal vein 
was checked by splenic venography in all patients with 


and normal liver structure. 


liver disease. 

CAL. 
Appendix. 

The estimation of minimal hepatic blood flow without 
A known amount of CAI™ 
containing approximately 0.1 mg per kg body weight of 
colloidal albumin and 15 to 20 uc of I™ in a volume of 
1 to 2 ml was injected intravenously, after preliminary 


The preparation of CAI™ is described in the 


hepatic vein catheterization. 


thyroid blockade with potassium iodide, 200 mg daily 
for 3 days. Six-ml arterial blood samples were taken 
into heparinized tubes from a polyethylene catheter in the 
femoral artery at 3, 4, 5, 6, 8, 10, 15, 20 and 30 minutes 
after injection. In some patients, further samples were 
obtained at 10-minute intervals up to 1 hour after in- 
jection, and in one subject blood samples were obtained 
at 4-hour intervals over 24 hours. 

Estimation of hepatic extraction of CAI and meas- 
urement of total hepatic blood flow. The technique was 
identical with that described for the measurement of mini- 
mal hepatic blood flow except that hepatic vein samples 
were obtained from a no. 9 radiopaque catheter which had 
been placed under fluoroscopic control in one of the main 
right hepatic veins. The hepatic venous samples were 
taken simultaneously with the arterial samples after al- 
lowing for the dead space sampling time of the hepatic 
vein catheter. In certain subjects hepatic blood flow was 
measured by the Fick principle (10) with a constant 
infusion of indocyanine green (11-13) at the same time 
that total hepatic blood flow was measured by CAI™. 
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Determination of CAI™ activity. The amount of CAT™ 
injected was determined by weighing syringes before and 
after injection. The volume injected was calculated 
from the weight and specific gravity of CAI. The total 
activity injected was calculated from the activity of a 
measured standard of CAI™ which had been diluted to 
a known volume. The activity of the samples was meas- 
ured in plasma after the blood had been centrifuged at 
3,000 rpm for 15 minutes. All samples were counted in 
a well scintillation counter to a minimum of 5,000 counts. 
After counting total activity in the plasma (Pra) the 
protein-bound iodine was precipitated with trichloro- 
acetic acid and the supernatant recounted for free I” 
activity (Pr1). This value was subtracted from Pra to 
give protein-bound activity (Pe). 
not found in any sample before 10 minutes after injection. 


Free iodine I” was 
Plasma volumes were calculated from the initial extrap- 
olated CAI™ disappearance slope (a) and in 
patients by the Evans blue dye technique (14). 

crits were measured after centrifugation of hepatic ve- 
nous and arterial blood at 3,000 rpm for 30 minutes and 


several 
Hemato- 


corrected for trapped plasma (15). Blood volumes were 
calculated from plasma volumes and corrected hemato- 


crit values. 
Calculations 

Minimal hepatic blood flow (Figure 1). 
plasma total activity and 
bound activity were plotted on a semilogarithmic scale 


As Pr: was not detected before 10 minutes, 
The ini- 


Peripheral 
peripheral plasma _protein- 
against time. 
the initial slopes of Prs and Pe were identical. 
tial slope (a) was extrapolated to zero, and the calcu- 
lated zero time activity (Po) divided into the activity of 
CAI™ injected, to give the initial volume of distribution 
of CAI™ (plasma volume). After 10 to 15 
Pra began to rise and coincided with the appearance of 


minutes, 


free I in the plasma, which latter was assumed to be 
due to the breakdown of the colloid complex within the 
liver and subsequent release of free I into the plasma. 
The subsequent decay of Pra was followed in one subject 
and represented the resultant of release of free I from 
the liver and urinary loss, together with the removal of 
residual protein-bound I™ (particles of small size). 

Pe activity equaled Pra for the first 10 minutes, but 
after this time it followed a much shallower exponential 
slope (b) ; b and Pc decay were extrapolated to zero time 
and expressed as a percentage of P,, giving a percentage 
activity due to small particles of CAI™; b, assumed to 
represent the clearance of small particles of CAI™ by the 
reticuloendothelial system outside the liver, was used as 
a biological standardization for each preparation of CAI™. 
In one subject, b was followed for 24 hours, and accurate 
analysis of its exponential character was possible; b was 
subtracted from a and the resultant exponential slope 
c used as the definitive clearance slope of CAI™ by the 
liver. 

The rate constant for ¢ was calculated from the gen- 
eral equation for an exponential function: 


P, = Poe — kt [1] 


By transposition 


‘ Ln2 0.693 
K min™ = = 
t ty 


a 


where P; = plasma activity of CAI™ at time ¢ in min- 
utes, P, = the activity at time zero determined by extrap- 
olation of the slope and K 


activity of CAI’" which was removed from the blood per 


fraction of retained plasma 


minute. 

If the plasma colloid is removed completely in one 
passage through the liver then the constant, A, represents 
the fraction of the circulating plasma or blood volume 
which perfuses the liver per minute. However, if the 
hepatic extraction (/) of the colloid is less than 100 per 
cent, then K underestimates the fraction of blood volume 
perfusing the liver by the percentage of the colloid not 
cleared by the liver in one passage. 

If E is not known, then the measurement of hepatic 
blood flow is called blood 
(MHBP), since it is less than the total hepatic blood 


flow (THBF), 


“minimal hepatic flow” 
and may be calculated from the equation 


MHBF (ml/min) = K min X blood volume [3] 
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Activity of plasma CA 
scale against time. Slope (c) t}=2 
blood volume =4,100 ml; K =0.346 min”™ 
hepatic blood flow = 4,100 x 0.346 =1,420 ml 


Pra(O) = peripheral plasma total activity 


is plotted on a 
semilogarithmic 
minutes ; 
Minimal 
per minute. 
of I™ up to 10 minutes on slope a and then as (@). 
Py: = plasma free iodine activity which was not present 
before 10 minutes; subsequently it was subtracted from 
Pri(@). Pe(O) = peripheral plasma activity corrected 
for free I PSS 

zero time activity of particles of small size from extrapo- 
Slope c is derived from graphical sub- 


™ and represented as (©) on slope bP. 


lation of slope b. 
traction of slope b from slope a. 
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Fic. 2. HEPATIC EXTRACTION oF CAI™; MINIMAL AND 
TOTAL HEPATIC BLOOD FLOWS (CONTROL, SUBJECT 1). Ac- 
tivity of arterial and hepatic venous plasma CAI™ is 
Activity 
due to free I has already been subtracted. Hepatic ex- 
traction of CAI™ (E%) =[ (Poa — Hoa) /Poa] X 100=95%. 
Slope c t; = 1.75 minutes; K = 0.396 min’; blood volume 
Minimal hepatic blood flow = 2,080 ml per 
(2,080 x 100) /95 = 
Slope a represents peripheral ar- 
CAI™ (O). Slope b 
represents activity due to particles of small size, not re- 
(O, (@) 
disappearance of large particles of CAI™ in arterial 


plotted on a semilogarithmic scale against time. 


5,250 ml. 
minute. Total hepatic blood flow = 
2,190 ml per minute. 
terial plasma disappearance of 
moved by the liver A). Slope c represents 
plasma (slope a—b) extrapolated to zero time to give 
Pos. Slope d (2 
tivity of CAI™, 
of CAI™ present in hepatic venous plasma (d-)). 


,) represents hepatic venous plasma ac- 
Slope e (A) represents large particles 


Hepatic extraction of CAI™ and total hepatic blood 
flow (Figure 2). The peripheral plasma disappearance 
He- 
patic venous samples were treated in an identical manner 
The 


initial slope of disappearance in hepatic venous plasma 


slope of CAI™ was calculated as described above. 
and the activity followed a two-component slope. 


(d) was extrapolated to zero time and the activity Ho 
determined. The slow component in the hepatic venous 
plasma identical with } in the peripheral plasma was again 
assumed to represent particles of small size not cleared 
by the liver. Graphical subtraction of slope b from 
slopes a (peripheral plasma decay) and d gave the re- 
sultant slopes c and e. Slopes c and e were extrapolated 
to zero time to give Pos and Hos, representing zero time 
concentrations of particles of CAI™ which were removed 
by the liver. The percentage extraction of CAI™ by the 
liver in one passage was calculated from the formula: 


Bo, a Pea — Her 


xX 100 [4] 
x: Poa L 


a | 


Total hepatic blood flow was then calculated from mini- 
mal hepatic blood flow corrected for hepatic extraction 
(2): 

THBF (ml/min) 


_ Kmin™ X blood volume (ml) X 100 
ra E 


_ MHBF 


. 


x 100 5] 


Statistical analyses were performed by standard meth- 
ods (16). 


RESULTS 


The percentage of particles of small size (PSS) 
(1 SD) 1.33 for all preparations 


averaged 5.72 + 
of CAI?*?, 


per cent particles of small size was discarded. 


Any preparation with more than 8 


The plasma half-life of PSS was 13 hours and the 




















Minimal Hepatic 


Blood Flow Rate Constant(k) 


Fic. 3. CoMPARISON OF MINIMAL HEPATIC BLOOD FLOW 
(MHBF) anp RATE constant K (CAI). 
21 patients with cirrhosis and a patent portal vein (mean 
MHBF = 1,139 + 381 ml per minute, K = 0.288 + 0.0634 
Group III: 11 patients with cirrhosis and a porta- 
caval anastomosis (mean MHBF 681 + 169 ml per min- 
ute, K = 0.147 + 0.0364 IV: 3 patients 
with extrahepatic portal vein obstruction; normal liver 
structure (mean MHBF 837 ml per minute, K = 0.193 
min*). The mean MHBF for Groups II and III are 
significantly lower than the control group (0.001<p< 
0.01) but the rate constants K are even more significantly 
reduced (p< 0.001). Shaded area equals control range 
(mean +2 SD) established from 14 subjects without 
liver disease for MHBF (1,516 + 
K (0.339 + 0.044 : 
and thrombosed portal vein in Group III. 


Group II: 


min’. 


min’). Group 


362 ml per minute) and 


min?); (OQ) =patient with cirrhosis 





ESTIMATION OF 


HEPATIC FLOW AND INTRAHEPATIC SHUNT-FLOW 


rABLE I 


Minimal hepatic blood flow, hepatic extraction and total hepatic blood flow (CAI), and estimated hepatic blood 
flow (indocyanine green) in control subjects and patients with liver disease * 


Diagnosis 


Group I, control 
Peptic ulcer 
Peptic ulcer 
Sarcoidosis 
Neurosis 
Peptic ulcer 
Peptic ulcer 


Mean 
SD 


Group II, cirrhosis and 

patent portal vein 
Postnecrotic 
Postnecrotic 
Postnecrotic 
Postnecrotic 
Postnecrotic 
Postnecrotic 


Mean 
SD 


Group ITI, cirrhosis and 

portacaval anastomosis or 

thrombosed portal vein 
Postnecrotic 
Postnecrotic 
Postnecrotic 
Postnecrotic 


Alcoholic 


Mean 
SD 


Group IV, portal vein 
thrombosis and normal 
liver structure 
16 Sepsis 


* K = rate constant of peripheral plasma slope of CAI. MHBF = minimal hepatic blood flow. 


extraction of CAI" in one passage through the liver. 
blood flow. 

t ¢ Before and after portacaval anastomosis. 

§ Thrombosed portal vein. 


half-life in plasma of Pya, after the initial extrac- 
tion phase, was 24 hours (Pe + Pp). 

There was no significant difference between 14 
simultaneously determined plasma volumes using 
Evans blue and CAI*?, 


Minimal hepatic blood flow, hepatic extraction, 
and total hepatic blood flow (Figure 3, Table 
I) 

Group I, Minimal hepatic blood flow in 14 con- 
trol subjects averaged 1,516 + 362 ml per minute, 
K (fraction of blood volume perfusing the liver 
per minute) equaled 0.339 + 0.044. In 6 of these 


THBF = total hepatic blood flow. 


Indocyanine 
green 


EHBF 


CAI®8 


K MHBF rHBF 


min~! ml/min ml/min ml/min 


0.396 2,080 2,190 
0.346 1,470 1,540 
0.308 920 980 
0.386 ,010 2,160 
0.346 ,650 ,790 
0.250 ,220 320 


,663 
478 


185 960 
.198 ,080 
.267 ,040 
0.386 ,100 
0.230 ,030 
0.147 800 


0.173 920 
0.141 780 
0.115 550 
0.099 600 
0.102 380 


0.150 510 92 550 560 


E = hepatic 
EHBF = estimated hepatic 


control subjects E was remarkably constant and 
1.79 per 
Total hepatic blood flow in 
478 ml 


averaged 93.7 + cent in one passage 
through the liver. 
these 6 subjects averaged 1,633 
minute (Table I). 


Group II. 


patent portal vein, minimal hepatic blood flow 


per 
In 21 patients with cirrhosis and a 


averaged 1,139 + 381 ml per minute and K aver- 
aged 0.288 + 0.0634 
blood flow was significantly reduced compared 
with the control group (0.001 < p< 0.01), but 
K was even more significantly reduced (p< 
0.001, Figure 3). In 6 of these patients E was 


min. Minimal hepatic 
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1h =4 min 

Ke=0- 173 min? 

M.H.BF= 920 mi/min 
Efficiency of Extraction=86 %% 
T.H.BF = 1070 mi /nin 


tS =375 min Poa 


= 0.185 mint 
MHBF=960 mi/nin 
Efficiency of Extraction=65°/o 

THBF=1480 ml/min 
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Fic. 4. HE- 


EXTRACTION OF 


PORTACAVAL ANASTOMOSIS ON 
CcCAm 


venous plasma activity of 


EFFECT OF 
SuByEctT 7). 
Car 


arterial 


PATIC (CIRRHOTIC, 


Arterial and hepatic 
expressed as a percentage activity of zero time 


activity has been plotted on a semilogarithmic scale 


against time after correction for slow components and 


iodine. There has been a significant rise in he- 
patic extraction of CAI™ 
blood flow has been reduced by 28 per cent, but minimal 


1 flow 


minimal 


free 
after operation. Total hepatic 
5 per cent. 
T.H.B.F. 


femoral arterial plasma; 


hepatic blood has been reduced by only 
M.H.B.F. blood flow: 
total hepatic blood flow; F.A. = 
H.V. = hepatic plasma; <¢ 
CAI™ in = definitive slope of CAI™ 
in hepatic 
CAI™ in 
CAI™ in hepatic venor 


hepatic 


venous definitive slope of 


arterial plasma; e¢ 
plasma; Po, = zero time activity of 


Hos 


1s plasma. 


venous 


arterial plasma; zero time activity of 


varied from 65 to 90 per cent 


measured and it 
5.8 + 11.51) and total hepatic blood flow 
(Table I). 


(mean 75. 
averaged 1,566 + 684 ml per minute 
Group ITT. 


681 


Minimal hepatic blood flow aver- 
169 ml 
with cirrhosis and end-to-side portacaval anasta- 
0.0364 min. The 
means of these parameters were significantly lower 
than in the control group (p < 0.001) and in the 
cirrhotic patients in Group II (0.001 < p< 0.01). 


aged er minute in 11 patients 
I 


mosis and K averaged 0.147 


The patient with a thrombosed portal vein and cir- 
rhosis had a minimal hepatic blood flow of 380 ml 
per minute (K = 0.102 min‘). 

Hepatic extraction of CAI*** was determined in 
4 patients with a portacaval anastomosis and 
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the patient with a thrombosed portal vein, and 
the average was 89.6 + Total he- 
patic blood flow averaged 726 + 226 ml per min- 
ute (Table I). 

In Patients 7 and 8 the hepatic extraction of 
CAI"! and total hepatic blood flow were measured 


3.5 per cent. 


before and after an end-to-side portacaval anasto- 
mosis. In Patient 7 (Figure 4) the hepatic ex- 
traction of CAI'*' rose from 65 to $6 per cent af- 
ter operation, while the total hepatic blood flow 
was reduced from 1,480 to 1,070 ml per minute. 
Minimal hepatic blood flow was reduced from 960 
to 920 per minute. In Patient 8 the hepatic ex- 
traction of CAI"** of 90 per cent remained unal- 
tered postoperatively while total hepatic blood flow 
was reduced from 1,190 to 860 ml per minute. 
Minimal hepatic blood flow was reduced from 
1,080 to 780 ml per minute. 

Group IV. 


structure and an extrahepatic portal vein obstruc- 


In 3 patients with normal liver 


tion, the minimal hepatic blood flow averaged 837 
ml per minute (range, 510 to 1,230) and K aver- 
aged 0.193 min-'. In Patient 16 the hepatic ex- 
traction of CAI*** was 92 per cent and the total 
hepatic blood flow was 550 ml per minute (Table 


I). 


r=0.89 
p<0.001 
IG=65+0 925 THBF 
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CORRELATION OF TOTAL HEPATIC BLOOD FLOW 


AND ESTIMATED HEPATIC 
IG). @ = Control 


with cirrhosis and a 


re. >. 
(AT) 


NINE GREEN 


BLOOD FLOW (INDOCYA- 


subjects (Group I); 


patients patent portal vein 


(Group II); patients with cirrhosis and portacaval 
anastomosis or a thrombosed portal vein (Group III) ; 
® = patient with a thrombosed portal vein and a normal 
liver structure. The dotted lines indicate the 95 per cent 


confidence limits about the regression line. 





ESTIMATION OF HEPATIC FLOW 
Indocyanine green 


Hepatic blood flow measured with indocyanine 
green (IG) was estimated in 10 patients (3 con- 
trol subjects in Group I, 2 cirrhotics in Group II, 
3 cirrhotics with a portacaval anastomosis and 1 
with a thrombosed portal vein in Group III, and 
1 patient with a normal liver and an extrahepatic 
block in Group IV). The individual results are 
shown in Table I. There was a highly significant 
correlation (R = 0.89) between the IG flow re- 
sults and total hepatic blood flow (CAI**') re- 
sults for these patients (Figure 5). 


DISCUSSION 


The CAI**! method of measuring liver blood 
flow without hepatic vein catheterization assumes 
that the colloid is extracted completely in one pas- 
sage through the liver. This assumption proved 
not to be valid, and the flow derived from the 
disappearance rate constant of CAI**' from periph- 
eral blood, uncorrected for hepatic extraction, un- 
It has been called 

The 
tained for the control group (1,516 + 362 ml per 
K = 0.339 + 0.044 
but higher than those reported by Halpern and 
co-workers (9) (1,445 + 314 ml per minute; K = 
0.318 + 0.050 min“). 
not correct for the slow component of the CAI**! 


derestimated liver blood flow. 
“minimal hepatic blood flow.” results ob- 


minute ; min!) are similar 


However, Halpern did 
peripheral disappearance slope. The probability 
that the slow component of the plasma colloid 
disappearance slope represents particles not re- 
moved by the liver is suggested by the identical 
values for the hepatic venous plasma and the 
peripheral plasma slopes 10 minutes after injec- 
tion of CAI", 
dioactive chromic phosphate, the slow component 


Furthermore, with colloidal ra- 


slope is absent in peripheral plasma if the col- 
loid is ultracentrifuged before injection and the 
smaller particles removed (1). In animals, in- 
jection of the smaller particles alone results in a 
prolonged plasma disappearance slope, and, on 
sacrifice of the animal, the particles are found 


principally deposited in the bone marrow (1). 


The biological estimation of the percentage of 
small particle size of all preparations of CAI"? is 
an essential prerequisite when this substance is 
used for estimating liver blood flow. The exclu- 
sion of preparations with a high percentage of 


AND INTRAHEPATIC SHUNT-FLOW 


1351 


particles of small size avoids the use of a non- 
homogeneous colloid. The mean PSS of 5.77 per 
cent for this series in humans agrees well with 
Halpern’s figure of 6.4 per cent in guinea pigs. 

The hepatic extraction of CAI*** was very high 
in normal subjects, and Halpern and co-workers 
(9) also reported a 94 per cent extraction in four 
normal persons. These results suggest that mini- 
mal hepatic blood flow will underestimate true 
liver blood flow by only less than 10 per cent in 
patients without liver disease, and this may elimi- 
nate the need for hepatic vein catheterization in 
such subjects. 

In patients with hepatic cirrhosis the peripheral 
method is not usually valid, for hepatic vein cathe- 
terization showed that such subjects had a much 
lower extraction of CAI**' than had subjects 
CAI** is removed by the 
Kupffer cells and the lower extraction could be 


without liver disease. 


due to the fact that blood bypasses the sinusoids 
containing Kupffer cells, to the impairment of 
Kupffer cell function, or to a reduction in the 
number of Kupffer cells lining each sinusoid. 
Morphological evidence favors the first explana- 
tion. McIndoe (17) by injection studies showed 
a very great diminution of the portal sinusoidal bed 
in cirrhosis. Popper, Elias and Petty (18) have 
commented on the development of collateral chan- 
nels between the small portal veins and the small 
hepatic veins around the regeneration nodules in 
Eck 


However, it is difficult to discount the 


cirrhosis and have termed these “internal 
fistulae.” 
possibility of disturbed Kupffer cell function, since 
there is no certain way of evaluating this. 

When the portal blood is diverted from the 
liver either by a surgical portacaval anastomosis 
or by the development of a collateral circulation 
after blockage of a main portal vein, a different 
The 


longer perfused by portal blood and the portal 


state of affairs exists. sinusoids are no 
vein-hepatic vein anastomoses around the nodules 
are presumably not functioning. The liver is sup- 
plied by the hepatic artery which enters the lobule 
at various levels along the sinusoids (19). On 
theoretical grounds, therefore, one might expect 
improvement in the hepatic extraction of CAI‘! 
in the cirrhotic patient when the portal blood 
stream is diverted from the liver, if the initially 
low extraction of CAI" was due to intrahepatic 
shunting in “internal Eck fistulae” rather than 
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to impaired Kupffer cell function. 
to be the case, for patients with cirrhosis and a 


This proved 


portacaval anastomosis had hepatic extraction of 


89.6 per cent, which was significantly higher than 
that in the cirrhotic group with portal venous 
Further confirma- 
tion of the hypothesis came with the finding of 


blood flowing to the liver. 


improvement in the hepatic extraction of CAI**? 
in two patients after end-to-side portacaval anas- 
tomosis. In Patient 7 the hepatic extraction of 
CAI'** rose from 65 to 86 per cent, although he- 
patic blood flow was reduced by 30 per cent. 
This improved extraction occurred in the face of 
worsening hepatocellular function shown by deep- 
ening jaundice and a fall in the serum albumin 
value. Also in keeping with this thesis is the ob- 
servation that the two cirrhotic patients (8 and 
11), with almost normal hepatic extraction of 
CAI***, were shown by the method of Iber, Kerr, 
Dolle and Sherlock (20) to have an extrahepatic 
portal collateral flow of over 80 per cent of the 
total portal venous flow. This evidence suggests 
that the reduced extraction of CAI*** in cirrhosis 
is not due to impaired Kupffer cell function. If 
this were so, one would have to postulate an im- 
provement in Kupffer cell function after porta- 
caval anastomosis, and in one subject in the face of 
The al- 


ternative explanation that the increased extrac- 


deterioration of hepatocellular function. 


tion of CAI** in the shunt patients resulted from 
a reduction in blood flowing along the sinusoids 
seems less probable, as the highest extractions 
were seen in control subjects with rates of liver 
blood flow significantly higher than in cirrhotic 
subjects. It seems likely, therefore, that minimal 
hepatic blood flow determined by this method 
measures blood flowing through functioning si- 
nusoids. In normal subjects and cirrhotic sub- 
jects with portacaval anastomosis and patients in 
whom portal venous blood is totally diverted from 
the liver, this value correlates closely with total 
hepatic blood flow. In patients with cirrhosis and 
a patent portal vein, minimal hepatic blood is less 
than total hepatic blood flow (Figure 6). 

A reduction in total hepatic blood flow after 
portacaval anastomosis was seen in Patients 7 
and 8, but in Patient 7 the minimal hepatic blood 
flow was unaltered postoperatively. This suggests 
that in certain patients the reduction in hepatic 
blood flow after portacaval anastomosis (21, 22 
may not affect liver function if the fraction lost 
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CORRELATION OF MINIMAL AND TOTAL HEPATIC 
(CAI™). @ =Control subjects (Group I) ; 
cirrhosis and a portal vein 


Fic. 6. 
BLOOD FLOW 
>) = patients with 
(Group IT) ; 


patent 
= patients with cirrhosis and a portacaval 
anastomosis or a thrombosed portal vein (Group III) ; 
® = patient with a thrombosed portal vein and a normal 
The regression line has 
Patients 
with cirrhosis and a patent portal vein (Group II) are 


liver structure (Group IV). 


been calculated for Groups I, III, and IV only. 


not included on the regression line. 


was, in fact, bypassing the hepatic sinusoids be- 
fore operation. 

The measurement of total hepatic blood flow by 
CAI'* correlated well with hepatic blood flow re- 
sults determined by indocyanine green, and this 
suggests that the method does indeed measure 
liver blood flow. The extrahepatic removal of 
CAI**! has not been checked in man, but in ani- 
mals it averages less than 10 per cent (7) and 
over half of this is allowed for by subtraction of 
Extrahepatic removal of 
indocyanine green in man is minimal (11). The 
slightly higher flow by the CAI*** method sug- 


particles of small size. 


gests that its extrahepatic removal may be greater 
than that of indocyanine green. In patients with- 
out a collateral circulation, this factor is not im- 
portant, since the splenic blood flow is in series 
with the liver, but in cirrhotics, with an extra- 
hepatic portal collateral circulation, the splenic 
removal of CAI**! may result in an overestimation 
of liver blood flow. 

With hepatic vein catheterization, the CAI**® 
method permits an estimation of sinusoidal and 
intrahepatic shunted blood flow while the constant 
infusion dye methods (sulfobromophthalein, indo- 
cyanine green) measure the sum of these two 


Minimal hepatic blood flow in pa- 


ce mponents. 





ESTIMATION OF HEPATIC FLOW AND INTRAHEPATIC SHUNT-FLOW 


tients with cirrhosis may provide a better under- 
standing of the factors responsible for decompen- 
sation in such patients, if one assumes that blood 
available to the Kupffer cells represents blood 
available to the hepatic parenchymal cells. 


SUMMARY 


The colloidal e* - (CA) 
for measuring liver blood flow has been investi- 


albumin method 
gated in normal subjects and patients with liver 


disease. In normal subjects the method is valid 


without hepatic vein catheterization, since the 
hepatic extraction of the colloid averaged 94 per 


cent in one passage through the liver. 

In patients with cirrhosis the hepatic extrac- 
tion of the colloid averaged 75.8 per cent when 
the portal vein was patent, but rose to 89.6 per 
cent when the portal vein was disconnected from 
the liver by a portacaval anastomosis. It is sug- 
gested that the reduced hepatic extraction of 
CAI" in patients with cirrhosis is due to intra- 
hepatic shunting of colloid which bypasses Kupffer 
“internal Eck 
catheterization permits an estimate of this shunt- 
ing. 

Total hepatic blood flow may be calculated from 


cells in fistulae.” Hepatic vein 


the peripheral colloid blood flow (minimal he- 
patic blood flow) corrected for hepatic extraction. 
Total hepatic blood flow measured by colloidal 
albumin correlated well with hepatic blood flow 
measured with indocyanine green. Minimal he- 
patic flow results (uncorrected for hepatic ex- 
traction) may be used as an index of hepatic 
sinusoidal blood flow and as a measure of the 
functional blood supply to the cirrhotic liver. 


APPENDIX 


Preparation of heat-denatured human serum albumin la- 

beled with radioactive iodine I™ 

The procedure was carried out under sterile conditions. 
All reagents were sterilized prior to use. 

1. Denaturation of albumin. The albumin was 97 per 
cent pure with no added stabilizing agents. 

a) The albumin diluted with normal saline to 
make a 1 per cent solution containing 8 g of albumin. 

b) The solution was brought to pH 7.2 with N NaOH. 

c) The optical density of the solution was checked in 
Optical densities 


Was 


a Unicam spectrophotometer at 500\X. 
of 0.056 to 0.112 were considered satisfactory. 

d) The whole solution was then heated in a flask in a 
The 


temperature of the water bath was controlled to bring 


water bath while the flask was shaken continuously. 
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the solution to 70° C, 
tained for 15 minutes. 


and this temperature was main- 


e) The optical density of the solution was read and, 
if it had risen by 0.168 U above the original reading, 
heat denaturation was stopped. If not, the flask 
heated to 71° C for a further 2 minutes and the optical 


was 
density rechecked. The maximal permissible tempera- 
ture for denaturation was 75° C. 

f) After satisfactory denaturation, the solution was 
cooled to 45° C under running water and allowed to cool 
at room temperature until the solution was at 30° C. 

g) N HCl was added to obtain a precipitate at pH 4.7 
to 5.5. The solution was left to stand for 1 hour. 

h) It was then centrifuged for 15 minutes at 3,500 
rpm and the supernatant fluid was removed and discarded. 

i) The solution was washed twice with acidified nor- 
mal saline solution (HCl, pH 5.5) and centrifuged at 
3,500 rpm for 15 minutes between washings. The su- 
pernatant fluid was checked after the second washing for 
protein content by the addition of trichloroacetic acid. 
If a protein precipitate resulted, washings were repeated 
until the supernatant fluid was free of protein. 

7) The precipitate was redissolved in normal saline 
and brought to pH 7.6 with N NaOH and made up to 
a final volume of 200 to 250 ml. 

k) The solution was stored at 4° C for 24 hours and 
centrifuged at 3,500 rpm for 15 minutes; the precipitate 
was discarded. 

1) Two ml of supernatant fluid was removed for pro- 
tein determination and the remainder tyndallized for 1 
hour daily for 3 days at 60° C. 
at 4° C and 
months. 


The protein was stored 


was suitable for iodination for up to 3 

m) Protein content of the denatured solution was esti- 
mated by weighing the protein precipitated from solu- 
tion by the addition of trichloroacetic acid. The precipi- 
tate was washed with water and acetone and dried to a 
constant weight. 

n) Particle size: Attempts to measure the particle size 
of the preparation were unsuccessful, since both electron- 
microscopy and ultracentrifugation altered the particle 
size by further denaturation of the colloid. The single 
component exponential phase of the fast disappearance 
The 


similar to 


rate of 
that 
of colloidal chromic phosphate (P”) with a mean particle 
size of 200A (1). 


slope suggested a uniform particle size. 


disappearance in control subjects was 


2. Iodination of colloidal albumin 


a) One hundred mg of colloidal albumin (determined 
from protein estimation) was mixed with 0.8 ml carbo- 
nate buffer (pH 10) keeping the solution in ice. 

b) Twenty to 30 me of carrier-free Nal™ was made 
up to a volume of 3 ml, and 0.15 ml of KI, solution (1,845 
g per 100 ml of I, 
brown color appeared. 


and 2.3 g of KI) was added; a light 


c) The iodine solution was then added drop by drop to 
the colloidal albumin while the solution was kept in ice. 

d) The solution was left at 4° C for 2 hours and the 
activity per unit volume estimated in a well scintillation 
counter, from a diluted aliquot 
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ce) The solution was dialyzed in a sterile cellophane 
tube suspended in normal saline until no activity was 
present in the dialyzing fluid. Dialysis was repeated at 
36-hour intervals over 3 days. 

f) A 2.5 per cent solution of phenol was added to the 
iodinated albumin to give a concentration of 2.5: 1,000 
of phenol. An aliquot of the solution was plated on 
agar gel to check its sterility. 

g) The activity of the final solution was estimated in 
a well counter and the fixed total iodine content was cal- 
culated. If the iodine content exceeded 1 per cent of the 
protein, the preparation was discarded. 

h) The final total iodine content fixed to the protein 
was calculated from the amount of iodine added and the 
efficiency of labeling of the protein with I". The effi- 
ciency of uptake of I= activity after dialysis/ activity 
before dialysis X 100 and ideally ranged from 5 to 15 per 
cent. 
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Make direct measurements of pH, pCOz 
& pOz from whole blood in only 3 minutes 


The Epsco Model 101 Blood Parameter Analyzer 
has been developed to satisfy the need for greater 
speed and accuracy in determining physiologically 
significant whole blood parameters. Sensitive and 
readable without interpolation to better than 0.002 
pH, it provides direct readings in millimeters of 
mercury of pO, in 1 minute and pCO, in 3 minutes. 
The unit may also be used as a gas analyzer, and 
for measuring changes in O, and CO, in various 
biologic fluids. A completely integrated system, 
Epsco’s Blood Parameter Analyzer realizes speeds 
not possible with chemical techniques, and accura- 
cies unobtainable by infra-red analyses of expired air. 
SIMPLE, RELIABLE OPERATION — The Analyzer re- 
quires minimum “set-up” time. Electrodes are cali- 
brated by using readily available standardizing gas. 
Controls are functionally-grouped for operating 
ease, and lock-equipped to safeguard calibration 
settings. Built-in design features prevent instru- 
ment drift that may be caused by room temperature 
changes; and an internal standard reference cell 
protects against long-term drift. Since nomographs 
or calibration curves are not required, the chance 
of operator error is reduced. 

The unit has connections for an external recorder 


ELECTRONICS IN t es 


SER Vics 


. .. permitting continuous recording of changes in 
pH, pCO, or pO,. Specially calibrated meter faces 
are available for uses requiring direct readout. 
WIDE APPLICATION — Especially useful in clinical 
laboratories doing pH and blood gas analyses, the 
unique capabilities of the Blood Parameter Analyzer 
make it a valuable aid in surgery, cardiac cathe- 
terization, pulmonary function determinations and 
anesthesia studies. Versatile, accurate and fast, 
the Analyzer has been designed and built to the 
exacting Epsco standards — established during 
years of experience in advanced military and in- 
dustrial instrumentation programs — that assure 
the greatest possible reliability in operation. 
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Model 101 Blood Parameter Analyzer, write 
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Complete, 
easy-to-operate 
blood flowmeter 

system 


Non-Cannulating 
Probes 


Modern, 
Rack-Mount 
Design 


In its single, compact housing, the Series 6000 system provides: 
e Direct-metering of mean blood flow 

e Direct digital presentation of cumulative volume flow 

e Outlets for simultaneous recording of phasic and integrated flows 


The Metreflo system reduces measurement of flows to terms of 
utmost simplicity. It is precalibrated. It reads directly in cc’s per 
minute. And it zeroes electrically, with correct dial settings indicated 
on companion Metreflo 6000 probes. 


The system’s exceptionally high frequency response and high signal- 
to-noise ratio puts all presently known harmonics of phasic blood 
flow within easy reach, and enables it to indicate flow near the 
heart free of interference from the ECG. 


METREFLO SERIES 6000 


Small, epoxy-molded Intracorporeal Probes supplied with the sys- 
tem track the pulsing of blood by electromagnetic means. They 
eliminate cannulation of blood vessels. Ring-like lumens that fit 
around vessels offer no obstruction to the free flow of blood. 


Probes are autoclavable, interchangeable, and plug into replace- 
ment cables. They range in standard lumen diameters from | to 
20 mm, in steps of 1 mm. 


, 


Extracorporeal Probes with standard bore diameters of 4%”, 
¥%” and 42” are also available. These probes are designed for use 
with heart-lung devices during cardiopulmonary bypass. 


4,4 
4", 


The system’s standard, rack-mounting 19” chassis, standing only 
5” high is built for stacking. Plug-in sub-chassis remove instantly 
for quick replacement or convenient servicing. 


For further information on the Metreflo System Series 6000, write 


Avionics Research Products Corporation 
4254 Glencoe Avenue, Venice 5, California 





Clinical Laboratories 
Agree... 


Simplastin 


Here are some of the major reasons for 
SIMPLASTIN’s use in 21,384,000 determinations 
of prothrombin time during 1960: 


1. Assured reproducible results. 80% of clinical 
laboratories agree —by routine use—that 


SIMPLASTIN is the thromboplastin reagent that 
gives “best reproducibility’! of results. 


2. Lowered burden on laboratories. For depend- 
ability and ease in handling, laboratory directors 
select SIMPLASTIN, a quality controlled freeze- 
dried thromboplastin extract. Already combined 
with calcium, it is prepared for use merely by 
adding distilled water. 


3. Guaranteed controls for PH, ionic strength, 
suspended solids, particle size, moisture and sta- 
bility in varying temperatures. 


4. Contains no preservative or artificial acceler- 
ators for prothrombin activation, as are found in 
liquid preparations. 


order Simplastin today, your safeguard of dependable results 


GENERAL DIAGNOSTICS owision WARNER-CHILCOTT ov. monnmis erains. wu 


1. Innella, F, and Redner, W. J.: Am. J. Clin. Path. 33:1, 1960. 2. Gerber, C. F, and Blanchard, E. W.: Am. J. Physiol. 144:447, 1954, 3. National 
Institutes of Health: Phenol and its Derivatives. The Relation Between Their Chemical Constitution and Their Effect on the Organism. Bulletin 190, 
Washington, D. C., Government Printing Office, 1949, pp. 14-17. 4. Hawk, P. B., Oser, B. L., and Summerson, W. H.: Practical Physiological Chemistry, 
Ed. 13, New York, The Blakiston Division, McGraw-Hill Book Company, Inc., 1954, p. 319. 5. Fruton, J. S., and Simmonds, S.: General Biochemistry, 
New York, John Wiley & Sons, 1953, pp. 155, 344. 6. Hanks, G. E., Cassell, M., Ray, R. H., and Chaplin, H.: J. Lab. & Clin. Med. 56:486, 1960. 


LANCASTER PRESS, INC., LANCASTER, 











SAeatataee 














